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ABSTRACT 


Fracture  toughness  and  crack  propagation  behavior  was  investigated  for 
300  M  steel  in  sheet,  plate  and  forging  products.  The  variables  studied 
included  material  thickness  of  l/8,  3/8}  and  3/4  inch  and  material  strength 
levels  of  220  KSI,  270  KSI,  and  290  KSI.  Both  surface-crack  and  through- 
crack  specimens  were  evaluated  in  moist  air  and  salt  water  spray  environments 
for  cyclic  stress  ratios  of  +0.1,  +0.2,  and  +0.5. 

For  the  above  range  of  variables  it  wa,s  concluded  that  stress  intensity 
methods  show  promise  for  correlating  both  fracture  toughness  and  cracking 
rate  behaviors.  There  appears  to  be  an  inverse  relationship  between 
fracture  toughness  and  cracking  rate  although  a  quantitative  mathematical 
relationship  between  the  two  was  not  found  among  available  crack  propagation 
equations.  Among  the  dat.a  evaluated,  variation  in  fracture  toughness  with 
heat  chemistry  was  found  to  be  relatively  large  with  respect  to  that 
resulting  from  other  metallurgical  variables.  Significant  geometric  vari¬ 
ables  included  variations  in  fracture  toughness  with  a/t  ratio  and  variation 
of  cracking  rate  with  thickness.  The  influence  of  stress  ratio  on  cracking 
rate  was  found  to  be  accountable  through  available  theory. 

Based  on  the  results  of  this  program  several  approaches  to  MIL-HDBK-5 
type  presentation  of  crack  growth  data  are  discussed.  A  crack  growth  index 
based  on  a  standard  stress  intensity  is  suggested  for  material  selection  or 
screening  purposes.  Log- log  and  log-linear  forms  of  stress  intensity  vs. 
cracking  rate  are  presented  and  discussed.  Other  techniques  are  curves  of 
constant  cracking  rate  plotted  on  stress  vs.  crack  length  coordinate  and  a 
modification  of  Goodman  Diagrams  to  depict  cracking  rates  in  a  presentation 
form  which  included  the  stress  ratio  variable. 
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Depth  of  surface  crack  or  half  length  of  through-crack  (inches) 

One-half  of  crack  length  along  surface  for  a  surface-crack  or 
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Section  I 
IN  TROHJC  TION 


High  strength  steels  are  being  used  in  aircraft  landing  gears,  carry- 
through  box  structures,  and  various  fittings  and  attachments.  Service  experi¬ 
ence  has  demonstrated  a  need  for  more  data  on  the  properties  of  heat  treated 
steels  so  that  a  better  evaluation  of  the  materials  can  be  accomplished  in  the 
design  stage  and  in  the  evaluation  of  operational  and  maintenance  problems. 

Material  properties  of  major  importance  include  fracture  toughness,  crack 
propagation,  and  their  interrelationships.  These  properties  are  of  interest 
because  of  their  close  relationship  to  the  characteristic  failure  mode  found 
in  high-strength  steel  aircraft  parts.  In  typical  failed  high-strength  steel 
parts  the  fracture  face  usually  indicates  that  a  crack  develops  at  a  local 
defect,  propagates  by  slow  crack  growth  under  cyclic  loading  to  a  critical 
crack  size  and  then  extends  by  rapid  fracture.  Thus,  the  resistance  of  a 
material  to  crack  propagation  under  cyclic  loading,  the  rate  of  crack  growth 
and  fracture  toughness  become  important  factors  in  material  selection  and 
design  of  high  strength  steel  parts. 

Fracture  toughness  of  300M  has  been  studied  in  many  previous  programs 
however,  very  little  has  been  done  on  crack  propagation  behavior  of  300M. 

None  of  the  programs  reported  in  the  literature  provide  the  scope  of  data 
required  to  determine  the  interrelationship  of  fracture  toughness  and  crack 
propagation  or  to  confirm  analytical  techniques  for  crack  propagation  in  300M 
or  any  other  high  strength  steel. 

The  subject  program  was  conducted  to  better  define  these  properties  for 
300M  steel.  The  objectives  of  the  program  were  as  follows: 

1.  To  study  by  experiment  the  interrelationships  of  fracture  toughness 
and  cyclic  flaw  growth  in  medium  to  very  high  strength  300M  steel. 

2.  To  evaluate  analytically  the  interrelationships  of  the  two  behaviors 
for  300M  steel  for  two  environmental  conditions  (specific  air  relative 
humidity  and  salt  spray) • 

3.  To  propose  pertinent  information  and  techniques  of  presentation  for 
inclusion  in  MIL-HDBK-5. 

To  accomplish  the  above,  fracture  toughness  and  crack  propagation  data 
were  obtained  for  300  M  steel  in  sheet,  plate  and  forging  products.  Three 
thicknesses  (0.125,  0.375>  and.  0.750)  and  three  strength  levels  (220  KSI, 

270  KSI,  and  290  KSI  were  evaluated.  Both  surface-crack  and  through-crack 
test  specimens  were  studied  in  air  and  salt  spray  environments.  The  effects 
of  different  minimum-to-maximum  stress  ratios  were  also  evaluated  in  the 
crack  propagation  tests. 

Appendix  B  presents  comparable  data  from  another  program  which  studied  several 
other  high  strength  steel  alloys. 
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Section  II 

DISCUSSION  OF  APPROACH 


MATERIAL  SELECTION 

300M  was  chosen  for  this  program  because  it  is  a  high  strength  steel  alloy 
being  used  in  many  current  aircraft  and  being  specified  in  new  aircraft 
designs.  The  fracture  toughness  and  crack  propagation  behavior  of  this  alloy 
to  be  generally  representative  of  these  properties  in  other  low  alloy  steels 
such  as  4340  and  D6AC  which  are  also  used  in  high  strength  steel  aircraft 
structure.  It  is  expected  that  the  analysis  methods  and  techniques  of  presen- 
tation  found  suitable  for  300M  will  be  applicable  to  other  grades  of  high 
strength,  low  alloy  steel.  Several  different  product  forms  and  thicknesses 
of  300M  were  evaluated  to  obtain  data  for  typical  product  forms  used  in  air¬ 
craft  structure.  These  products  included  1  l/2  inch  hand  forgings,  7/8  inch 
plate  from  different  heats,  l/2  inch  plate  from  different  heats,  and  3/16 
inch  sheet. 

TEST  METHODS 

Axial  tension-tension  cyclic  crack  propagation  and  fracture  vuughness  tests 
were  conducted  for  the  various  product  forms  of  300M  steel  using  surface-crack 
and  through-crack  test  specimens.  These  two  types  of  flaws  most  nearly  repre¬ 
sent  the  types  of  damage  that  occur  in  aircraft  components.  Surface-crack 
specimens  were  tested  in  thicknesses  of  l/8,  3/8,  and  3/4  inch  and  through- 
crack  specimens  were  tested  in  thicknesses  of  l/8  and  3/8  inch  only.  Through- 
crack  specimens  of  3/4  inch  thickness  were  not  tested  because  it  would  be  very 
unlikely  for  a  through-crack  to  exist  undetected  in  an  aircraft  part  of  this 
thickness  or  for  an  undetected  surface-flaw  to  propagate  to  a  through-crack 
prior  to  catastrophic  failure. 

Figure  1  presents  the  surface-crack  specimen  geometries  for  l/8  and  3/8 
inch  thicknesses  and  the  3/4  inch  thick  specimen  is  presented  in  Figure  2 . 

These  specimens  have  a  minimum  width-to- thickness  ratio  of  six  and  generally 
conform  to  the  geometry  recommendations  of  ASTM  Committee  F-24  fracture  test¬ 
ing  of  metallic  materials.  The  through-crack  specimen  geometries  for  "1/8  and 
3/8  inch  thicknesses  are  presented  in  Figures  3  and  4 . 

The  surface-crack  and  through-crack  specimens  and  test  methods  used  in  this 
investigation  were  uniquely  designed  to  produce  both  crack  propagation  and 
fracture  toughness  data  with  a  single  specimen.  This  was  accomplished  by  cyclic 
propagation  of  pre-existing  cracks  to  a  different  crack  size  in  each  of  three 
test  specimens  for  each  combination  of  test  and  material  variables.  When  the 
cracks  were  propagated  to  the  specific  sizes  chosen,  the  cyclic  tests  were 
discontinued  and  the  specimens  were  statically  tested  to  failure  to  obtain 
fracture  toughness  data.  This  method  permitted  verification  of  cyclic  crack 
propagation  data  for  each  set  of  test  conditions  and  produced  fracture  tough¬ 
ness  data  for  three  different  crack  sizes  in  both  surface-crack  and  through- 
crack  specimens. 
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For  the  3/8  and  3 A  inch  thick  surface-crack  specimens,  one  of  the  final 
propagated  crack  sizes  had  a  crack  depth  less  than  half  the  specimen  thickness 
and  the  other  two  crack  sizes  had  depths  near  or  greater  than  half  thickness. 
Half  thickness  has  been  an  arbitrarily  recommended  maximum  surface-crack  depth 
for  fracture  mechanics  considerations .  To  date,  fracture  toughness  evalua¬ 
tions  of  high  strength  metals  using  surface-crack  specimens  have  been  primarily 
concerned  with  highly  stressed  pressure  vessels  such  as  rocket  motor  cases 
where  operating  stresses  are  so  high  that  catastrophic  failure  would  occur  as 
a  result  of  very  small  crack  like  defects  which  would  not  propagate  beyond 
half  thickness  prior  to  failure.  In  aircraft  applications  of  high  strength 
metals,  the  operating  stresses  are  sufficiently  low  to  allow  surface  defects 
to  propagate  beyond  half  thickness  and  in  some  cases  the  defects  could  even 
propagate  through  the  thickness  prior  to  failure.  Test  data  on  the  behavior 
of  high  strength  metals  containing  large  cracks  are  extremely  limited  and  are 
required  for  fail  safe  analyses  of  aircraft  components.  If  currently  developed 
modifications  of  fracture  mechanics  equations  can  not  predict  behavior  of  high 
strenth  metals  contining  large  cracks  which  can  and  do  exist  in  aircraft  com¬ 
ponents,  then  additional  modifications  of  fracture  mechanics  equations  are 
required  or  other  methods  of  evaluating  behavior  of  damaged  structure  must  be 
developed . 

In  order  to  obtain  sufficient  cyclic  crack  propagation  data  for  surface- 
cracks  in  l/8  inch  thick  specimens,  it  was  necessary  to  propagate  all  the 
surface-cracks  to  depths  beyond  half- thickness .  Of  the  three  crack  sizes 
obtained  for  l/8  inch  surface-crack  specimens,  one  did  not  penetrate  the 
thickness,  one  penetrated  the  thickness  with  unequal  crack  lengths  on  the  two 
surfaces,  and  one  was  propagated  to  a  through-crack  of  nearly  equal  crack 
lengths  on  the  two  surfaces . 

For  the  l/8  and  3/8  inch  thick  through-crack  specimens,  pre-existing 
through-cracks  were  propagated  to  three  different  crack  lengths  with  the 
maximum  length  approximately  equal  to  half  the  specimen  width. 

TEST  VARIABLES 

Cyclic  crack  propagation  tests  of  surface-crack  and  through-crack  specimens 
were  conducted  in  both  air  and  salt  water  spray  environments  to  simulate 
environments  encountered  by  aircraft.  Two  choices  of  air  environment  were 
considered.  One  was  dry  air  (approximately  20$  relative  humidity)  and  the 
other  was  moist  air  (80  to  85$  relative  humidity) .  Preliminary  cyclic  crack 
propagation  tests  of  l/8  inch  surface-crack  and  through-crack  specimens  were 
conducted  in  dry  air  and  moist  air  environments  to  determine  which  was  more 
damaging  for  selection  of  the  "air"  environment  used  in  the  test  program. 

Three  ultimate  strength  levels  (29O,  270,  and  220  KSl)  of  300M  steel  were 
evaluated  to  represent  the  strength  level  range  commonly  used  for  high  strength 
steels  in  aircraft  applications. 

Cyclic  crack  propagation  tests  were  conducted  by  axial  tension-tension 
loading.  A  constant  mean  stress  was  used  for  surface-crack  specimens  and  a 
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different  constant  mean  stress  was  used  for  through- crack  specimens.  Three 
minimum- to-maximum  cyclic  stress  ratios  (+0.1,  +0.2,  and  +0.5)  were  evaluated 
for  surface-crack  specimens  and  two  (+0.1,  +0.5)  were  evaluated  for  through- 
crack  specimens.  Each  minimum- to-maximum  cyclic  stress  ratio  (R)  coupled  with 
the  constant  mean  stresses  resulted  in  different  maximum  cyclic  stress  levels. 
The  combinations  of  selected  mean  stresses,  minimum- to-maximum  cyclic  stress 
ratios,  initial  crack  sizes,  and  specimen  geometries  resulted  in  approximately 
the  same  initial  calculated  stress  intensity  (K^)  for  both  the  surface-crack 
and  through-crack  specimens.  By  maintaining  the  same  initial  stress  intensity, 
the  effects  of  crack  type  (surface-crack  and  through-crack)  and  specimen  thick¬ 
ness  (relative  to  degree  of  plane-strain  stress  state)  should  become  apparent. 

Selection  of  cyclic  rate  for  the  crack  propagation  tests  was  of  critical 
importance  in  this  test  program.  Since  a  primary  objective  was  to  evaluate 
the  effects  of  a  salt  water  spray  environment  on  cyclic  crack  propagation,  a 
cyclic  rate  had  to  be  selected  which  would  insure  that  the  environment  be 
present  at  the  crack  tip  and  that  sufficient  time  was  permitted  for  development 
of  crack  propagation  modes  which  would  reflect  the  environment.  A  cyclic  rate 
of  20-  CPS  was  chosen  for  the  crack  propagation  tests  in  this  program.  Selec¬ 
tion  of  this  rate  was  based  on  the  results  of  similar  Lockheed  tests  conducted 
where  cyclic  crack  propagation  in  air  and  salt  water  environments  were  evaluated 
for  several  high  strength  steels  including  3COM  forged  billet. 

A  summary  table  of  the  test  program  is  presented  in  Table  1  .  All  variables 
of  test  environment,  strength  level,  and  stress  conditions  were  evaluated  with 
3/8  inch  thick  surface-crack  specimens.  Other  thicknesses,  product  forms,  and 
specimen  types  were  evaluated  with  respect  to  specific  variables  and  compared 
with  the  results  from  the  3/8  inch  surface-crack  specimens. 
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_ 

Figure  1  Crack  Propagation  Specimen,  Surface  Crack  for  l/8  and.  3/8-Inch  Material 


* 


ELOX  SLOT  DEPTH  =  .040 


Figure  2  Crack  Propagation  Specimen  Surface 


for  3A-Inch  Material 


Figure  4  Crack  Propagation  Specimen  Through  Crack  for  3/8-Inch  Material 


TABLE  1  SUMMARY  OF  300M  STEEL  CRACK  PROPAGATION  AND  FRACTURE  TOUGHNESS  TESTS 


FINAL 

PRODUCT 

GRAIN 

DR. 

SPECIMEN 

TTPE 

TEST 

ENVIR. 

SHEET 

AM 

PLATE 

L 

Surface 

crack 

.125 

Air 

Salt 

Spray 

.375 

Air 

Salt 

Spray 

.750 

Air 

Salt 

Spray 

L 

Through 

Crack 

.125 

Air 

Salt 

Spray 

.375 

Air 

Salt 

Spray 

FORGING 

L 

Surface 

Crack 

.750 

Air 

_ 

Salt 

Spray 

NUMBER  OF  SPECIMEN  TEST  * 


220  KSI 

KSI 

290  KSI 

STRESS  RATIO 

STRESS  RATIO 

STRESS  RATIO 

.1 

•  5 

.1 

•  5 

.1 

.2 

.5 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

*  Crack  propagation  and  fracture  toughness  data  obtained  on  each  specimen. 


Section  III 
PROCEDURE  AND  RESULTS 


MATERIAL 

All  300M  steel  used  in  this  program  was  produced  by  consumable  electrode 
vacuum  melting.  The  forgings  were  procured  to  MIL-S-8844B  Class  2  and  the 
plate  material  was  procured  to  the  requirements  of  AMS  6434  except  for  chem¬ 
istry  which  was  specified  as  MIL-S-8844B  Class  2.  Plate  thicknesses  of  3/16, 
1/2  and  7/8  inch  were  ordered  to  provide  for  removal  of  decarburization  in 
producing  specimens  of  l/8,  3/8;  and  3/4  inch  final  thicknesses  respectively. 
The  forgings  were  initially  1"  thick  and  machined  to  3/4  inch  final  thickness 
for  the  same  reason.  Complete  supplier  test  report  information  is  reported 
in  Appendix  A. 

During  procurement  it  was  necessary  to  accept  material  produced  from  sev¬ 
eral  different  heats,  thus  heat  chemistry  is  a  variable  in  the  program.  The 
phosphorus  and  sulphur  contents  showed  little  variation  and  were  well  below 
the  levels  known  to  significantly  affect  fracture  toughness.  Carbon  content 
among  the  various  heats  did  vary  from  .39  to  .43-  Some  effects  of  this  vari¬ 
ation  on  fracture  toughness  and  crack  propagation  were  noted  and  are  dis¬ 
cussed.  later  in  this  report. 

SPECIMEN  PREPARATION 

Specimen  Location  and  Machining. -The  l/8  inch  thick  surface-crack  and 
through-crack  specimens  and  tensile  specimen  blanks  were  cut  from  one  sheet 
( 3/l6"X36"x96" )  of  300  M  steel.  Individual  specimen  locations  within  the 
sheet  are  shown  in  Figure  5. 

The  3/8  inch  thick  surface-crack  and  through-crack  specimens  and  tensile 
specimen  blanks  were  cut  from  four  plates  (two  plates  l/2"X36"X120"  and  two 
plates  l/2"X36"X96")  of  300  M  steel.  Individual  specimen  locations  within 
the  plates  are  shown  in  Figures  6;  1,  8,  and  9. 

The  3/4  inch  thick  surface-crack  specimens  and  tensile  specimen  blanks 
were  cut  from  two  plates  (7/8"X36"X96")  of  300  M  steel.  Individual  specimen 
locations  within  the  plates  are  shown  in  Figures  10  and  11  . 

The  300  M  steel  forgings  were  received  cut  to  individual  surface-crack 
specimen  blank  size  (l  l/2"X13"X34" ) .  Tensile  specimen  blanks  were  cut  from 
each  forging  section.  As -received  300  M  steel  forgings  are  shown  in 
Figure  12  . 

All  surface-crack  and  through-crack  test  specimens  were  machined  to  their 
final  dimensions 5  except  for  thickness,  in  the  as-received,  normalized  heat 
treat  condition.  The  specimen  thicknesses  were  0.020  inch  over  size.  The 
specimens  were  then  heat  treated  to  their  appropriate  strength  levels.  After 
heat  treatment,  the  test  section  thickness-  of  each  specimen  was  machined  to 
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the  final  thickness  specified  by  removing  a  minimum  of  0.010  inch  from  each 
surface  to  remove  possible  deearburized  material.  The  final  machining  opera¬ 
tion  was  accomplished  by  heavy  coolant  flow  and  with  thickness  of  material 
removed  per  pass  restricted  to  0.001  inch. 

Tensile  specimens  were  heat  treated  as  rough  cut  blanks  and  machined  after 
heat  treatment . 

Heat  Treatment . -A  heat  treat  study  was  conducted  to  determine  the  appro¬ 
priate  tempering  temperatures  to  achieve  the  target  tensile  values  of  290  KSI, 
270  KSI  and  220  KSI.  All  specimens  were  normalized  at  1700°F  for  1  l/2  hours 
and  air  cooled  and  then  austenitized  at  l600°F  for  1  l/2  hours  and  oil 
quenched.  This  treatment  was  followed  by  double  tempering  at  various  temper¬ 
atures  up  to  1050°F.  The  minimum  tempering  temperature  used  was  500°F  to  be 
consistent  with  actual  industry  practice  and  Government  and  Industry  specifi¬ 
cation  requirements. 

Tensile  test  results  on  the  various  products  used  in  the  heat  treat  study 
are  reported  in  Table  2  and  shown  graphically  in  Figure  13.  From  these  data 
tempering  temperatures  of  500,  675  and  975° F  were  selected  to  achieve  290, 

270  and  220  KSI  strengths  levels  respectively.  All  crack  propagation  speci¬ 
mens  were  then  normalized  at  1700°F  for  1  l/2  hours  air  cooled,  austenitized 
at  l600°F,  1  l/2  hours  and  oil  quenched  followed  by  double  tempering  for 
2  hours  each  at  the  temperature  selected  for  the  desired  strength  level.  Ten¬ 
sile  control  specimens  were  processed  along  with  the  crack  propagation  speci¬ 
mens.  Results  obtained  on  the  control  tensile  specimens  are  reported  in 
Table  3. 
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Figure  12  l-l/2  Inch  Thick  Rough  Forgings  300  M  Steel 


Figure  13  300  M  Steel  Heat  Treat  Study 
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Elongation  or  R.A. 


TABLE  2  TENSILE  PROPERTIES  OF  HEAT  TREATMENT  STUDY 


Product 

Final  Size 

Heat 

Number 

Specimen 

Number 

Tempering 

Temperature 

2  +  2  Hrs  (l) 

Ultimate 

Strength 

(KSI) 

0.2%  Yield 
Stress 
(KSI) 

Elong. 

2"  G.L. 

(« 

R.  A. 

<*) 

Target 

Ftu 

(KSI) 

3/4"  forging 

5x782 

F5-2 

500°F 

288 

(2) 

10 

40 

290 

F6-2 

500  F 

288 

(2) 

11 

39 

290 

Fl-1 

525°P 

288 

240 

10 

37 

290 

F2-2 

525  F 

288 

239 

9 

36 

290 

Fl-1 

625°F 

283 

243 

11 

4o 

270 

F2-2 

625  F 

284 

242 

10 

34 

270 

F9-2 

675°P 

267 

230 

13 

^3 

270 

F10-2 

675  F 

266 

,  g31 

12 

4l 

270 

F3-1 

750°F 

251 

198 

10 

30 

270 

F4-1 

750  F 

252 

199 

10 

29 

270 

F3-2 

95<£f 

227 

205 

11 

36 

220 

F4-2 

950  F 

225 

204 

11 

38 

220 

Fll-2 

975°F 

221 

204 

12 

37 

220 

F12-2 

975  F 

222 

203 

12 

4o 

220 

F5-1 

1050°F 

210 

194 

12 

35 

220 

F6-1 

1050  F 

209 

194 

12 

38 

220 

3/8"  plate 

P-1 

500°F 

284 

237 

9 

290 

Pl-1 

500  F 

282 

230 

9 

- 

290 

Pl-3 

675°F 

270 

243 

10 

270 

Pl-4 

675  f 

270 

230 

10 

270 

PI- 5 

975°F 

220 

200 

12 

220 

Pl-6 

975  F 

221 

202 

12 

- 

220 

l/8"  sheet 

S-3 

S-4 

500°F 

500  F 

285 

287 

234 

241 

8 

8 

- 

290 

290 

S-S 

675°F 

270 

243 

8 

270 

3-6 

675  F 

268 

235 

8 

- 

270 

S-7 

975> 

222 

202 

9 

220 

S-8 

975  F 

223 

203 

10 

- 

220 

(1)  Normalized  -  1700°F  -  1-1/2  hrs  -  A.C.j  Austenitized  -  1600°F  -  1-1/2  hrs  -  O.Q. 

(2)  Yield  not  determinable  from  load-strain  curve. 


TABLE  3  TENSILE  PROPERTIES  OF  HEAT  TREATMENT  CONTROL  SPECIMENS 


Product 
Final  Size 

Heat 

Number 

Specimen 

Number 

Tempering 

Temperature 

2  +  2  Hrs  (1) 

Ultimate 

Strength 

(ksi) 

0.2#  Yield 
Stress 
(ksi) 

Elong. 

2"  G.L. 

do) 

R.  A. 

(*) 

Target 

Ftu 

(ksi) 

l/8”  sheet 

3932022 

S-9 

S-10 

500°F 

285 

284 

233 

2^5 

9 

8 

- 

290 

3/8"  plate 

3932021 

Pl-l 

Pl-3 

500°F 

286 

286 

236 

239  . 

9 

9 

290 

3932021 

Pi-7 
pi -9 

675°F 

272 

274 

233 

236 

9 

9 

- 

270 

3961507 

Pi-13 

Pi-15 

975°F 

229 

236 

208 

209 

11 

11 

220 

3/4"  plate 

3922^52 

P2-19 

P2-25 

500°F 

297 

297 

239 

24-0 

10 

11 

38 

32 

290 

Forging 

51782 

F  11-1 

F  12-1 

500°F 

287 

287 

237 

234 

10 

11 

37 

4o 

290 

F  17-2 

F  18-1 

675°F 

276 

276 

236 

238 

10 

11 

38 

4l 

270 

F  10-1 

F  17-1 

975°F 

230 

228 

202 

201 

12 

12 

36 

39 

220 

(l)  Normalized  -  1700°F  -  1  l/2  Hrs  -  A.C.;  Austenitized  -  l600°r  -  1  l/2  Hrs  -  0.  Q. 


Pre-cracking  of  Test  Specimens . -Pre-cracking  of  surface-crack  and. 
through-crack  test  specimens  was  accomplished  by  axial  tension-tension  fatigue 
at  a  minimum-to-maximum  stress  ratio  (R)  of  +0.1  and  a  cyclic  frequency  of 
20  cycles  per  second  in  a  normal  air  environment  (approximately  40  percent 
relative  humidity)  at  room  temperature  (68  to  72° F) . 

For  the  surface-crack  specimens,  the  pre-crack  was  generated  from  an  EDM 
slot  (0.006"  wide  X  0.040"  deep  X  0.080"  long)  located  in  the  center  of  the 
test  section.  A  maximum  gross  area  stress  of  45  ksi  was  used  to  propagate  the 
0.080  inch  long  EDM  slot  to  a  final  pre-crack  length  of'0.l8  inch.  The  corre¬ 
sponding  pre-crack  depth  was  0.085  to  0.095  inch.  Measurement  of  the  pre¬ 
crack  length  was  accomplished  with  a  stainless  steel  scale  graduated  into 
0.010  inch  increments  and  a  magnifying  optical  lens.  The  number  of  fatigue 
cycles  required  for  pre-cracking  was  recorded  for  each  specimen. 

For  through-crack  specimens,  the  pre-crack  was  generated  from  an  EDM  slot 
(0.010"  wide  X  0.50"  long  X  through-thickness)  located  in  the  center  of  the 
test  section.  A  maximum  gross  area  stress  of  25  KSI  was  used  to  propagate  the 
0.50  inch  long  EDM  slot  to  a  final  pre-crack  length  of  O.75  inch.  Measurement 
of  the  pre-crack  length  was  accomplished  in  the  same  manner  as  for  the 
surface-crack  specimens.  The  number  of  fatigue  cycles  required  for  pre¬ 
cracking  was  recorded  for  each  specimen . 

Pre-cracking  of  the  test  specimens  was  accomplished  in  the  same  test  equip¬ 
ment  and  set-up  as  was  used  for  the  crack  propagation  tests.  Each  specimen 
was  pre-cracked  and  then  immediately  crack  propagation  tested  in  the  same  test 
set-up  without  specimen  removal  and  re-installation.  The  reason  for  this  pro¬ 
cedure  was  twofold.  The  specimen  remained  in  the  same  position  under  the  same 
load  distribution  for  both  pre-cracking  and  crack  propagation  testing.  Also 
the  time  span  between  pre-cracking  and  crack  propagation  testing  was  minimized 
and  essentially  constant  for  all  test  specimens.  Similar  testing  of  high 
strength  steel  specimens  in  previous  test  programs  indicated  that  the  delay 
time  between  pre-cracking  and  crack  propagation  testing  can  increase  the  num¬ 
ber  of  cycles  required  to  incubate  propagation  of  the  pre-crack.  It  is  sus¬ 
pected  that  the  crack  tip  geometry  and  material  condition  is  altered  by  strain 
relaxation  and  possible  contamination  of  the  crack  surface  material  near  the 
crack  tip  if  the  pre-cracked  specimen  is  left  unstressed  for  some  time.  The 
delay  time  between  pre-cracking  and  crack  propagation  testing  in  this  test 
program  was  15  to  30  minutes. 
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TEST  EQUIPMENT 


Specimen  pre-cracking  and  crack  propagation  testing  of  the  l/8  inch  and 
3/8  inch  thick  surface-crack  and  through-crack  specimens  were  conducted  with 
a  Lockheed-designed  150,000  pound  capacity  closed-loop  servohydraulic  fatigue 
test  machine  (Figure  14 ) . 

Specimen  pre-cracking  and  crack  propagation  testing  of  the  3 /4  inch  thick 
surface-crack  specimens  were  conducted  with  a  Lockheed-designed  250,000  pound 
capacity  axial  load  resonant  fatigue  machine  (Figure  15) . 

Cyclic  load  control,  counting,  and  monitoring  during  specimen  pre-cracking 
and  crack  propagation  testing  was  accomplished  with  the  following  instruments 

(1)  Function  Generator  (hp  Model  200  CD  wide  range  oscillator). 

(2)  REDC0R  391  Differential  Amplifier  and  Dynamic  Strain  Indicator. 

(3)  MTS  SERVAC  Model  401.01. 

(4)  Hewlett-Packard  Model  130C  Oscilloscope. 

(5)  CMC  Model  315A  Electronic  Counter. 

(6)  Honeywell  Model  1108  Visicorder  Oscillograph. 

Static  tensile  and  fracture  toughness  tests  were  conducted  with  Universal 
Hydraulic  Testing  Machines  ranging  in  capacity  from  60,000  pounds  to  400,000 
pounds  (Figures  16)  automatic  recording  systems  which  consist  of  ASTM 
Class  B-2  extensometers  and  deflectometers  coupled  to  drum-type  load-strain 
recorders  were  used. 
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Figure  l4  150,000  Pound.  Capacity  Closed-Loop  Servohydraulic  Fatigue 
Test  Machine 


Figure  15  250,000  Pound,  Capacity  Axial  Load.  Resonant  Fatigue  ivkchine 
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Figure  1 6  Fracture  Toughness  Test  of  3A"Tnch  Thick 
Surface-Crack  Specimen 
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TEST  ENVIRONMENT 


The  test  program  required  conducting  cyc]ic  crack  propagation  tests  for 
surface -crack  and  through-crack  specimens  in  air  and  salt  water  spray  environ¬ 
ments.  To  accommodate  the  two  environments,  an  environmental  test  chamber  was 
constructed  to  enclose  the  test  section  of  the  specimens.  The  chamber  con¬ 
sisted  of  a  lower  main  polyethylene  tank  which  housed  a  circulating  fan,  wet 
and  dry  bulb  thermometers,  and  a  fogger  nozzle.  Attached  to  the  top  of  this 
tank,  was  a  removable  plexiglass  chamber  which  enclosed  the  specimen  test  sec¬ 
tion.  All  internal  parts  of  the  environmental  chamber  were  constructed  from 
non-corrosive  materials  to  prevent  contamination  of  the  test  environments. 
Figures  17  and  18  present  photographs  of  the  environmental  chamber  in  operat¬ 
ing  position. 

The  air  environment  was  produced  in  the  environmental  test  chamber  by 
atomizing  distilled  water  with  compressed,  dried,  and  filtered  air  through  a 
fogger  nozzle.  The  fogger  nozzle  was  located,  directed,  and  baffled  so  that 
it  did  not  spray  directly  on  the  test  specimen.  The  humidity  level  was  con¬ 
trolled  and  recorded  with  standard  wet  and  dry  bulb  controllers  and  recorders. 

The  salt  water  spray  environment  was  produced  by  a  continuous  spray  of 
atomized  5  percent  NaCl  salt  water  solution  through  the  fogger  nozzle.  The 
salt  water  solution  was  prepared  by  dissolving  5  parts  by  weight  of  NaCl  salt 
in  95  parts  of  distilled  water.  The  compressed  air  supply  to  the  nozzle  was 
maintained  at  pressures  between  10  and  25  psi. 
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Figure  17  3/8  Surface-Crack  Specimen.  Installed  in  Chamber  Prior 

to  Introducing  Environment 


Figure  18  3/4  Surface-Crack  Specimen  Installed  in  Environmental 

Chamber  with  Salt  Water  Spray  Operating 
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ENVIRONMENTAL  SELECTION  TEST 


The  relative  severity  of  dry  air  versus  moist  air  test  environment  was 
investigated  early  in  the  program  in  order  to  select  a  specific  relative 
humidity  for  use  in  the  balance  of  the  program. 

The  environmental  selection  tests  consisted  of  conducting  cyclic  tests  on 
two  through-crack  specimens  and  two  surface-crack  specimens  of  0.125  inch 
thickness  in  each  of  two  air  environments.  One  environment  was  dry  air  (22% 
relative  humidity)  and  the  other  was  moist  air  (83%  relative  humidity). 

The  relative  humidity  was  controlled  and  maintained  by  conducting  the  tests 
in  the  environmental  chamber  described  above.  Desiccant  or  water  vapor  was 
used  as  required  to  maintain  the  specified  humidity  levels. 

The  test  specimens  and  two  control  tensile  specimens  were  tempered  at 
525°P.  The  test  results  of  the  tensile  specimens  were  as  follows: 


Specimen 

Number 

Tempering 

Temperature 

2+2  Hrs  (1) 

Ultimate 

Strength 

(ksi) 

0.2%  Yield 
Stress 
(KSI) 

Elong . 
2"  G.L. 
(*) 

x -14291-1 

278 

235 

7 

X- 14291 -2 

525 

281 

236 

7 

(l)  Normalize: 

1700°F,  1-1/2  hrs, 

air  cool 

Austenitize: 

1600°P,  1-1/2  hrs 

,  oil  quench 

The  through-crack  specimens  were  5  inches  wide  and  contained  an  0.75  inch  long 
center-through-crack  which  was  generated  from  an  0.5  inch  long  EDM  slot  by 
tension-tension  fatigue.  The  surface-crack  specimens  were  2.25  inches  wide 
and  contained  a  center  surface  crack  0.l8  inch  long  and  0.05  inch  deep  which 
was  generated  from  an  EDM  slot  which  was  0.08  inch  long  and  0.02  inch  deep  by 
tension-tension  fatigue. 

The  tests  were  conducted  with  a  minimum- to-maximum  fatigue  stress  ratio  (R) 
of  +0.1  at  a  cyclic  frequency  of  20  cycles  per  second.  The  minimum  fatigue 
stress  (gross  area)  was  45  KSI  for  the  surface-crack  specimens  and  15  KSI  for 
the  through-crack  specimens.  These  maximum  fatigue  stress  levels  with  their 
respective  initial  crack  sizes  and  specimen  geometries  resulted  in  identical 
calculated  initial  stress  intensities  (Kq  of  l6  KSiyiN)  for  both  the  surface- 
crack  and  through-crack  specimens.  Selection  of  this  initial  stress  intensity 
value  was  based  on  test  results  from  Lockheed  Independent  Research  work  on 
similar  materials  in  which  cyclic  crack  propagation  was  produced  in  a  practi¬ 
cal  number  of  fatigue  cycles.  This  stress  intensity  level  also  reasonably 
simulates  the  combination  of  service  stress  levels  and  the  degree  of  possible 
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material  damage  in  aircraft  applications.  The  results  of  these  tests  are 
graphically  presented  as  plots  of  crack  length  vs.  number  of  fatigue  cycles 
in  Figures  19  and  20. 

The  test  results  did  not  indicate  a  conclusive  difference  in  behavior 
between  the  dry  and  moist  air  environments.  A  possible  tendency  for  the  moist 
air  to  be  slightly  conservative  for  both  the  surface-crack  and  through-crack 
specimens  and  result  in  less  scatter  for  the  through-crack  specimens  was 
observed.  For  these  reasons,  the  moist  air  environment  (80  to  85 °jo  relative 
humidity)  was  selected  as  the  "air"  environment  for  all  the  cyclic  crack 
propagation  tests  in  the  program. 
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Crack  Length  -  2c,  IN 


104  105 
Number  of  Fatigue  Cycles  -  N 


Figure  19  Cyclic  Crack  Propagation  of  l/8-Inch  Surface-Crack  3COM  Steel  Sheet  for 
Environment  Selection  at  =  290  KSI,  R  =  -+0.1 


Crack  Length  -  2c,  IN, 


104  I05 

Number  of  Fatigue  Cycles  -  N 


Figure  20  Cyclic  Crack  Propagation  of  l/8-Inch  Through-Crack.  3COM  Steel  Sheet  for 
Environmental  Selection  at  -  29O  KSI,  R  =  +0,1 


SURFACE -CRACK  PROPAGATION  TESTS 


Cyclic  crack  propagation  tests  were  conducted  for  1/8,  3/8,  and  3/4  inch 
thick  pre-cracked  surface-crack  specimens  in  moist  air  (80  to  85^  relative 
humidity)  and  salt  water  spray  environments.'-  All  the  specimens  contained  an 
initial  crack  length  of  0.l8  inch  and  a  crack  depth  of  O.O85  to  0.095  inch. 
The  initial  crack  was  propagated  by  axial  tension-tension  cyclic  loading  at  a 
cyclic  frequency  of  20  cycles  per  second.  Three  specimens  were  tested  for 
each  condition  of  product,  environment,  range  ratio,  and  maximum  fatigue 
stress.  The  initial  crack  was  propagated  to  a  different  final  crack  size 
without  failure  for  each  of  the  three  specimens.  The  three  final  crack 
lengths  were  approximately  0.26,  O.38,  and  O.56  inch  respectively  for  the 
1/8  inch  thick  specimens;  0.38,  O.56,  and  O.76  inch  for  the  3/8  inch  thick 
specimens;  and  0.60,  0.80,  and  1.00  inch  for  the  3/4  inch  thick  specimens. 

The  crack  propagation  tests  were  conducted  at  a  constant  mean  stress  of 
25  KSI  and  range  ratios  of  +0.1,  +0.2,  and  +0.5  which  resulted  in  maximum 
cyclic  stresses  of  45  KSI,  42  KSI,  and  33  KSI  respectively. 

Crack  length  measurements  and  corresponding  number  of  fatigue  cycles  were 
recorded  for  crack  length  increments  of  approximately  0.02  inch  up  to  a  crack 
length  of  0.60  inch  followed  by  increments  of  0.04  inch  until  the  final  crack 
length  was  obtained.  The  crack  length  measurements  were  accomplished  by 
visual  comparison  of  the  crack  and  a  transparent  plastic  scale  attached  to 
the  specimen  surface  adjacent  to  the  crack.  A  magnifying  lens  was  used  in 
making  these  measurements.  Cycling  of  the  specimen  had  to  be  stopped  for  a 
brief  period  while  the  crack  lengths  were  measured.  During  these  cycling 
interruptions,  the  mean  load  and  test  environment  were  maintained. 

Upon  completion  of  the  crack  propagation  tests,  the  specimens  were  stati¬ 
cally  tested  to  failure  to  obtain  fracture  toughness  properties.  The  unique 
feature  of  the  procedure  used  was  that  both  cyclic  crack  propagation  test 
data  and  fracture  toughness  data  were  obtained  from  the  same  specimen.  This 
procedure  resulted  in  an  obvious  economical  benefit  and  also  permitted  direct 
correlation  between  fracture  toughness  and  a  specific  cyclic  crack  propaga¬ 
tion  history. 

The  test  results  are  presented  as  graphical  plots  of  crack  length  vs. 
number  of  fatigue  cycles  in  Figures  21  through  36  inclusive  and  numerically 
in  Tables  4  through  19. 
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103  104  105  106 


Number  of  Fotigue  Cycles-N 


Figure  21  Cyclic  Crack  Propagation  of  1 /8-Inch  Surface-Crack  300  M  Steel  Sheet  at 
Ftu  -  290  KSI,  H  =  +0.1 
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Figure  22  Cyclic  Crack  Propagation  of  l/8-Inch.  Surface-  Crack  300M  Steel  Sheet  at 

-  2 90  ESI,  R  =  +0.2 
tu  ■  ’ 


UJ 

-3 


Figure  23  Cyclic  Crack  Propagation  of  l/8-Inch.  Surface-Crack  300M  Steel  Sheet  at 
Ftu  -  290,  E  =  40.5 


Figure  2k  Cyclic  Crack  Propagation  of  3/8-Inch  Surface-Crack  300  M  Steel  Plate  at 

FJ  -  290  KSI }  R  =  -+0.1 
tu 


Figure  25  Cyclic  Crack  Propagation  of  3/8-Inch  Surface-Crack  300  M  Steel  Plate  at 
F  -  270  KSI,  R  =  +0.1 
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Figure  26  Cyclic  Crack  Propagation  of  3/8-Inch  Surface-Crack  300  M  Steel  Plate  at 
Ft  -  220  KSI,  R  =  +0.1 


Figure  27  Cyclic  Crack  Propagation  of  3/8-Inch  Surface-Crack  30O  M  Steel  Plate  at 
Ptu  -  290  KSI,  R  =  +0.2 
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Number  of  Fatigue  Cycles-N 

Figure  28  Cyclic  Crack  Propagation  of  3/8-Inch  Surface-Crack  300  M  Steel  Plate  at 
Ft  -  290  KSI,  R  =  +0.5 


Figure  2$  Cyclic  Crack  Propagation  of  3/8-Inch  Surface-Crack  300  M  Steel  Plate  at 


Ft  -  270  KSI,  R  =  +0.5 


Figure  30  Cyclic  Crack  Propagation  of  3/8-Inch  Surface-Crack  300  M  Steel  Plate  at 
Ft  -  220  KSI,  R  =  -*0.5 
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Figure  31  Cyclic  Crack  Propagation  of  3/4-Inch  Surface-Crack  300  M  Steel  Plate  at 
F  -  290  KSI,  R  =  +0.1 


Crack  Length  -  2c,  IN. 


Figure  32  Cyclic  Crack  Propagation  of  3/4-Inch  Surface-Crack  300  M  Steel  Plate  at 
Ft  -  290  KSI,  R  =  +0.2 


Crack  Length  -  2c,  IN. 


1()4  105 

Number  of  Fatigue  Cycles  -  N 


Figure  33  Cyclic  Crack  Propagation  of  3A-Inch  Surface-Crack  300  M  Steel  Plate  at 
F  -  290  KSI,  R  =  +0.5 


Crack  Length  -  2c,  IN. 


Figure  3^  Cyclic  Crack  Propagation  of  3A~Inch  Surface-Crack  300  M  Steel  Forging  at 
Ftu  -  290  KSI,  R  -  +0.1 


Crack  Length  -  2c,  IN. 


Number  of  Fatigue  Cycles  -  N 


Figure  35  Cyclic  Crack  Propagation  of  3  A- Inch  Surface-Crack  300  M  Steel  Forging  at 

F,  -  270  KSI,  JR  =  +0.1 
tu  5 


Crack  Length  -  2c,  IN. 


Figure  36  Cyclic  Crack  Propagation  of  3/A“InclL  Surface-Crack  300  M  Steel  Forging  at 

F,  -  220  KSI,  R  =  +0.1 
tu  ’ 


THROUGH-CRACK  PROPAGATION  TESTS 


Cyclic  crack  propagation  tests  were  conducted  for  l/8  and  3/8  inch 
thick  pre-cracked  through-crack  specimens  in  moist  air  (80  to  85 $  relative 
humidity)  and  salt  water  spray  environments.  All  the  specimens  contained 
an  initial  crack  length  of  0*75  inch.  The  initial  cracks  were  propagated 
in  the  same  manner  as  the  surface-crack  specimens  for  three  specimens  for 
each  set  of  conditions.  The  three  final  crack  lengths  for  each  set  of 
conditions  were  approximately  I.30,  1.90;  and  2.50  inches  for  loth  the 
l/8  and  3/8  inch  thick  specimens. 

It  was  originally  scheduled  to  conduct  the  crack  propagation  tests  at 
a  constant  mean  stress  of  8  KSI  and  range  ratios  of  +0.1  and  +0.5  which 
would  have  resulted  in  maximum  cyclic  stresses  of  15  KSI  and  11  KSI 
respectively.  As  previously  mentioned  in  the  "Environment  Selection  Tests ", 
the  maximum  length  of  0.75  inch  and  the  maximum  stress  of  45  KSI  with  the 
surface-crack  specimen  geometry  and  initial  crack  length  of  0.18  inch 
resulted  in  approximately  the  same  initial  stress  intensities  (Kj)  of 
16  KSI  in.  The  +0.1  range  ratio  tests  were  conducted  as  scheduled  hut 
during  initial  testing  of  the  +0.5  range  ratio  tests ,  it  was  found  that 
the  cracks  could  not  be  propagated  within  a  reasonable  number  of  fatigue 
cycles  in  either  moist  air  or  salt  water  spray  environments.  Two  270  KSI 
strength  level  specimens  were  tested  in  moist  air  and  one  in  salt  water 
spray  at  the  maximum  fatigue  stress  of  11  KSI.  For  the  remainder  of  the 
+0.5  range  ratio  tests,  the  maximum  cyclic  stress  was  raised  from  11  KSI  to 
22.5  KSI.  The  increased  maximum  cyclic  stress  was  compatible  with  the 
balance  of  the  test  program  and  permitted  cross  comparisons  which  is 
discussed  in  the  "Data  Analysis"  section. 

After  cyclic  crack  propagation  testing,  the  specimens  were  statically 
tested  to  failure  to  obtain  fracture  toughness  properties. 

The  test  results  are  presented  as  graphical  plots  of  crack  length  vs. 
number  of  fatigue  cycles  in  Figures  3  7  through  43  and  numerically  in  Tables  20 
through  25. 
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Crack  Length  -  2c,  IN. 


Number  of  Fatigue  Cycles  -  N 


Figure  37  Cyclic  Crack  Propagation  of  l/8-Inch  Through-Crack  300  M  Steel  Sheet  at 

Ftu  -  290  Ksr,  R  =  +0.1 


Crock  Length  -  2c,  IN. 


Figure  38  Cyclic  Crack  Propagation  of  3/8-Inch  Through-Crack  3^0  M  Steel  Plate  at 
F  -  290  KSI,  R  =  +0.1 


Crack  Length  -  2c,  iN. 


Figure  39  Cyclic  Crack  Propagation  of  3/8-Inch  Through-Crack  300  M  Steel  Plate  at 
Ftu  -  270  KSI,  R  =  +0.1 


Crack  Length  “2c,  IN. 


Figure  40  Cyclic  Crack  Propagation  of  3/8-Pnch  Through-Crack  300  M  Steel  Plate  at 

F,  -  220  KSI,  R  =  +0.1 
tu  5 


Crack  Length  -  2c,  IN. 


Number  of  Fatigue  Cycles-N 


Figure  Ul  Cyclic  Crack  Propagation  of  3/8-Inch  Through-Crack  300  M  Steel  Plate  at 

F,  -  270  KSI,  R  =  -K). 5 
tu  ’ 


Crack  Length  -  2c,  IN. 
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Figure  42  Cyclic  Crack  Propagation  of  3/8-Inch  Through-Crack  300  M  Steel  Plate  at 

F,  -  270  KSI,  R  =  +0.5 
tu  J 


Crack  Length  -  2c,  IN. 


Figure  43  Cyclic  Crack  Propagation  of  3/8-Inch  Through-Crack  300  M  Steel  Plate  at 

F.  -  220  KSI,  R  =  -K).5 
tu  ’ 


TABLE  4  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  l/8"  THICK  300  M  STEEL 

(F,  290  KSl)  AT  45  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIK 

ENVIRONMENT 

SALT  MATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

x-14237-6 

SPECIMEN  NO. 
X-14237-5 

SPECIMEN  NO. 

x-14237-7 

SPECIMEN  NO. 

x-i 4237-8 

SPECIMEN  NO. 

X-l 4237-9 

SPECIMEN  NO. 
X-14237-10 

CRACK 
LENGTH 
(IN. ) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do"3)  [ 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do"3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do"3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do"3) 

CRACK  ! 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do"3) 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.13 

0 

.20 

7.0 

.20 

6.1 

.20 

5.1 

.20 

4.5 

.20 

5.3 

.20 

4.2 

.22 

9.9 

.22 

13.2 

.22 

8.8 

.22 

8.4 

.22 

9.8 

.21 

8.4 

.24 

13.2 

.24 

17.1 

.24 

12.6 

.23 

11.6 

•23 

14.7 

.22 

12.6 

.26 

17.1 

.26 

20.4 

.26 

16.5 

.25 

15.0 

.27 

20.1 

.23 

16.7 

.28 

19.8 

.28 

23.0 

.28 

19.3 

.26 

16.6 

-29 

22.5 

.24 

21.0 

.30 

25.1 

•30 

21.4 

•33 

24.5 

.25 

26.2 

.32 

26.6 

*32 

23-5 

-35 

26.6 

.26 

30.8 

•34 

28.5 

.34 

25-3 

.37 

28.9 

.28  ■ 

35-1 

.36 

31-1 

.36 

27.2 

.30 

37-3 

.38 

32.5 

.38 

28.9 

.32 

39-4 

-4o 

30.2 

.35 

41.6 

.42 

31.1 

.38 

43.7 

.44 

32.2 

.40 

45.1 

.46 

33.1 

.42 

46-9 

.48 

34.0 

.47 

48.5 

-50 

35-0 

.49 

49.6 

•  52 

36.0 

.52 

50.6 

•  54- 

36.8 

.55 

51.7 

-56 

37-8 

•  56 

52.1 

TABLE  5  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  l/8"  THICK  300  M  STEEL 

(F  290  KSl)  AT  42  KSI  MAX.  STRESS  AND  R  OF  +.02 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

14237-11 

14237-23 

14237-13 

14237-14 

14237-15 

14237-16 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

(10"3) 

(IN.) 

do'3) 

(IN.) 

do'3) 

(IN.) 

rn 

1 

0 

1 — 1 

(IN.) 

do'3) 

(IN.) 

(10'3) 

.18 

0 

.18 

■B 

.19 

0 

•19 

0 

.18 

0 

.20 

9.3 

.20 

A-  WEM&. 

.20 

3.1 

.20 

9.1 

.20 

6.6 

1  .22 

15.0 

.22 

.22 

6.0 

.21 

12.6 

.21 

12.6 

.24 

20.1 

.2k 

16.5 

.2k 

-23 

9-6 

.22 

16.1 

.22 

16.7 

.26 

25.3 

.26 

21.6 

.26 

.24 

12.4 

.24 

20.7 

.23 

20.5 

.28 

26.7 

.28 

28.4 

.26 

16.3 

.26 

23.7 

.24 

26.5 

.30 

30.0 

-30 

31.0 

.28 

26-5 

.26 

32.6 

•  32 

32.5 

-32 

33.6 

.30 

29-5 

.28 

3S.6 

>34 

.  35-4 

•  3t 

36.1 

.32 

32.6 

.30 

44.7 

•  36 

38.6 

•36 

38.9 

.34 

35-7 

.33 

50.4 

•  38 

4o.l 

-38 

40.2 

.36 

38.8 

.36 

56.6 

.40 

42.5 

.38 

41.5 

.40 

59-6 

.42 

44.1 

.43 

61.5 

.44 

46.1 

.46 

63.0 

-46 

47-9 

.49 

64.5 

.48 

50.0 

•  51 

65.5 

•  52 

52.1 

.53 

66.6 

.54 

53-0 

.55 

67.8 

•  56 

53-8 

-56 

68.2 

TABLE  6  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  l/8"  THICK  300  M  STEEL 

(F  290  KSl)  AT  33  KSI  MAX.  STRESS  AND  R  OF  +0.5 


I 


MOIST  AIR  ENVIRONMENT 

L 

SALT  WATER  SPRAY  ENVIRONMENT 

specimen  no. 

SPECIMEN  NO. 

SPEC  BEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

14237-17 

14237-18 

14237-19 

14237-20 

14237-21 

14237-24 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

(10'3) 

(IN.) 

(10*3) 

(IN.) 

do'3) 

(IN.) 

do"3) 

(IN.) 

do'3) 

(IN.) 

(lC3) 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.20 

53-5 

.20 

5^-1 

.20 

55-6 

.20 

37.2 

•19 

20.1 

.20 

29.9 

.22 

78.3 

.22 

81.8 

.22 

88.1 

.22 

61.0 

.20 

31.4 

.22 

52.4 

.24 

ll4.i 

.2k 

119.6 

. 2k 

134.7 

.23 

73.2 

.22 

46.8 

.24 

61.9 

.2  6 

138.7 

.26 

144.8 

.2  6 

170.9 

.25 

83.4 

.24 

65.2 

.26 

72.3 

.28 

168.0 

.28 

199.7 

.26 

93-2 

.26 

85.4 

.28 

83.1 

-30 

187-0 

•30 

216.5 

.29 

105.5 

•30 

93-3 

•  32 

204.2 

-32 

232.4 

•32 

121.4 

•32 

103-5 

.34 

211-3 

•3^ 

244.4 

■34 

130.2 

•  3^ 

116.3 

•36 

220.5 

■36 

254.0 

•36 

139.1 

-36 

126.5 

.38 

230.9 

-38 

261.9 

•38 

148.1 

-4o 

135-6 

.ko 

268.0 

.42 

142.1 

.42 

272.7 

.44 

147.8 

.44 

279.2 

.46 

153-2 

.46 

284.5 

.48 

158.6 

.48 

289.9 

•50 

163-3 

•  50 

293.4 

•52 

168.6 

•52 

297.8 

■  56 

175-8 

■  54 

301.4 

•  56 

304.4 

TABLE  7  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(Ftu  29oKSl)  AT  U5  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

x-i 4238-1 

SPECIMEN  NO. 
X-14238-3 

SPECIMEN  NO. 
X-14238-2 

SPECIMEN  NO. 
X-14238-4 

SPECIMEN  NO. 
X-14238-5 

SPECIMEN  NO. 
X-14236-6 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OP 
CYCLES 

(10'3) 

CRACK 

IENGTH 

(IN.) 

SO*  OF 
CYCLES 

do-3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK  ' 
LENGTH 
(IN.) 

NO.  OF 
CYCLES 

do'3) 

.18 

0 

.18 

0 

.18 

0 

— 

0 

.18 

0 

.20 

5-9 

.20 

6.7 

.19 

6.2 

■ 

6.4 

.20 

6.9 

.22 

11.0 

.22 

9.9 

.22 

15.2 

11.0 

.22 

12.1 

.24 

16.2 

.24 

14.3 

.24 

22.2 

.24 

18.7 

.25 

18.9 

.26 

20.0 

.26 

17.8 

.27 

30.4 

.26 

26.9 

.27 

24.6 

.28 

23.0 

.28 

22.2 

.28 

33-9 

.28 

35-1 

.28 

28.5 

.30 

24.9 

•  30 

24.9 

•  32 

39-1 

.30 

43.8 

•31 

34.5 

.32 

27.8 

•32 

27.4 

.34 

41.5 

•  32 

51-9 

.34 

36.8 

•3* 

2  9.6 

•3* 

29.3 

•  35 

44.2 

.34 

60.1 

.36 

39-5 

•  36 

32.3 

•36 

31-7 

.38 

48.1 

.40 

66.5 

.38 

42-3 

•  38 

34.4 

.38 

33-2 

.42 

68.6 

.4o 

45.0 

.4o 

36.9 

-4o 

35.2 

.44 

70.6 

.44 

47.6 

.42 

38.2 

.42 

36.7 

.46 

72.7 

.46 

49-3 

.44 

39.8 

.44 

38.5 

.48 

75.2 

.47 

51-1 

.46 

41.2 

.46 

4o.l 

.52 

78.0 

.51 

53-5 

.48 

42.5 

.48 

41.9 

•  54 

80.7 

-53 

55-0 

-50 

43.6 

•  50 

43-3 

•  56 

82.5 

.56 

57-1 

•  52 

44.7 

.52 

44.7 

•  58 

58.1 

-54 

45-7 

•  54 

45.8 

.61 

59-3 

*5  6 

•  56 

46.8 

.63 

60.4 

.58 

47-5 

.66 

61.3 

.64 

49.6 

•  71 

64.0 

.68 

51.3 

•  76 

65*6 

•  72 

52.5 

.76 

53-8 

TAB  IE  8  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(F  290  KSl)  AT  42  KSI  MAX.  STRESS  AND  R  OF  +0.2 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

X-l 4238-7 

SPECIMEN  NO. 
X-14238-8 

SPECIMEN  NO. 
X-14238-9 

SPECIMEN  NO. 
X-14238-10 

SPECIMEN  NO. 
X-14238-11 

SPECIMEN  NO. 
X-14238-12 

CRACK 

LENGTH 

(IN.) 

NO*  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 
LENGTH 
(IN.  ) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

HO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

0 

.18 

0 

.20 

18.6 

.20 

10.6 

.20 

11.2 

.20 

18.4 

7.6 

.20 

13.8 

•  22 

32.4 

.22 

20.5 

.22 

19.9 

,22 

36.7 

14.0 

.22 

20.5 

.24 

38.8 

. 2k 

27.9 

.24 

28.4 

.24 

50-3 

•  24 

22.2 

.24 

28.1 

.26 

43.9 

.2  6 

33.3 

.26 

22.3 

.27 

63.4 

.27 

28.6 

.26 

34.3 

.28 

48.3 

.28 

38.1 

.28 

32.3 

.30 

72-5 

-29 

34.2 

.28 

41.7 

.30 

51.6 

•  30 

43.4 

-31 

35-6 

.31 

84.4 

•30 

38.0 

•30 

47.1 

.32 

58.0 

•  32 

47.4 

-32 

39-9 

.33 

90.2 

•32 

43.0 

■33 

51-7 

•34 

60.6 

•  34 

50.4 

•  34 

41.2 

.35 

101.3 

•  34 

45.2 

•34 

53-4 

•  36 

64.5 

•  36 

53.8 

.38 

108.4 

•36 

48.0 

■36 

56.3 

.38 

68.4 

•38 

57.4 

•39 

51.2 

•37 

59-7 

•  4o 

59-7 

.4o 

52.1 

.4o 

65.8 

.42 

62.4 

.42 

54.9 

•43 

68.4 

.48 

65.2 

.44 

57-4 

•  45 

70.0 

.50 

68.3 

.47 

60.1 

.46 

72.2 

•  52 

70.5 

.48 

61.6 

•  50 

74.5 

•  54 

72.8 

•  50 

63-4 

•52 

76.2 

■56 

74.6 

•53 

64.9 

•  54 

77-8 

76.1 

.54 

65-8 

•  56 

79-4 

-56 

67-3 

•  58 

81.7 

.62 

83.6 

.66 

85.4 

.68 

86.9 

•  72 

88.5 

•78 

90.6 

TABLE  9  SURFACE  -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(F  290  KSl)  AT  33  KSI  MAX.  STRESS  AND  R  OF  +0.5 


OU 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-1U238-13 

x -11*238-1!* 

X-112 38-15 

X-14238-16 

X-14238-17 

X-14238-18 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

(10'3) 

(IN.) 

(10'3) 

(IN.) 

(10~3) 

(IN.) 

(10'3) 

(IN.) 

1 

0 

(IN.) 

(10‘3) 

.16 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.20 

63.8 

.20 

71*.  1* 

.20 

51.2 

.21 

35-o 

.20 

8-3 

.22 

103.3 

.22 

119.4 

.22 

77.6 

.22 

45.1 

.22 

33-5 

.2*+ 

146.2 

.24 

182.1 

.24 

86.0 

.24 

55.0 

.24 

108.2 

.26 

101.8 

.26 

236.6 

.26 

103.1 

.26 

75-0 

.28 

149.6 

.28 

239-3  | 

.28 

279.8 

.29 

118.4 

.28 

94.2 

•30 

196.9 

.30 

262.1  | 

.30 

302.8 

•31 

130.2 

•30 

I07.5 

■32 

274.5 

•32 

295.2 

.32 

327.8 

•33 

138.5 

•32 

117.3 

•35 

314.2 

•34 

318.2 

■34 

347.7 

.34 

147.4 

•35 

128.1 

.36 

324.8 

•  36 

337-6  . 

.37 

373.5 

•36 

156.7 

•36 

139.8 

•38 

334.7 

•38 

351-3  , 

.38 

386.5 

-38 

163.6 

•39 

152.7 

.40 

356.4 

.40 

403.2 

•  4o 

158.1 

.42 

362.3 

.1*2 

419-7 

.42 

165.1 

.44 

372.0 

.44 

433.9 

.44 

195-0 

.46 

385.9 

.1*6 

446.9 

.46 

183.0 

.48 

397-8 

.18 

454.8 

.48 

191.3 

.50 

405-0 

•  50 

462.6 

•  50 

199-1 

•  52 

413-3 

•  52 

474.5 

-52 

208.1 

•  54 

424.9 

■  54 

482.4 

•  55 

216.2 

•  56 

433.8 

♦  56 

488.8 

•  56 

216.9 

.58 

44o.2 

.58 

496-4 

.60 

449.0 

.60 

509.7 

.64 

470.3 

.61* 

516.9 

•  67 

480.1 

.68 

524.6 

-72 

487.2 

.72 

533.1 

•  76 

495.7 

•  7  6 

542.0 

TABLE  10  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(F  270  KSI)  AT  15  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-14238-19 

X-14238-20 

X-l 4238-21 

_ 

X-14238-22 

X-14238-23 

X-142 38-24 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CyCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

do*3) 

(IN.) 

do'3) 

(IN.) 

do'3) 

(IN.) 

do'3) 

(IN.) 

H 

O 

J 

L-J 

(IN.) 

(10*3) 

.18 

70.9 

.18 

110.1 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.21 

5-2 

.20 

7.0 

.20 

6.5 

.21 

4.8 

.20 

4.0 

#20 

6.4 

.22 

6.6 

.22 

140.0 

.22 

10.3 

.22 

7.1 

.22 

10.8 

#22 

12.9 

.24 

8.3 

.24 

17-9 

.24 

15.6 

.24 

13.2 

.23 

15.4 

#24 

22.2 

.26 

10.1 

.26 

24.9 

.26 

20.5 

.26 

19.9 

.26 

30.8 

.25 

28.1 

.28 

13-1 

.23 

29.7 

.28 

23.3 

.28 

24.7 

.28 

35.0 

.28 

36.2 

.30 

14.9 

.30 

33-1 

.30 

25.5 

.30 

29.5 

.29 

4o.  5 

.31 

42.3 

.32 

16.4 

•32 

35-9 

.32 

27.7 

.32 

34.8 

.32 

46-7 

.32 

48.1 

.34 

17-9 

.34 

38.3 

.34 

29.4 

.34 

36.4 

.34 

52.5 

.35 

59-3 

.36 

19.4 

.36 

40.2 

■36 

31.6 

.36 

38.6 

.37 

55-1 

.38 

55-2 

.38 

20.9 

.38 

42-9 

.38 

33.5 

.38 

4l.i 

.38 

57-3 

.39 

57.0 

.40 

44.3 

,4o 

35.3 

,4i 

59.2 

.42 

59-2 

.42 

46.2 

.42 

36.8 

.42 

60.6 

.44 

61.6 

.44 

48.6 

.44 

38.0 

.44 

62.1 

.45 

63.2 

.46 

50.6 

.46 

38.9 

.46 

65-0 

.49 

65.7 

.48 

52.1 

.48 

41.3 

.48 

66.0 

.50 

66.8 

•  50 

53.0 

.50 

42.5 

.50 

67.1 

■  51 

68.3 

•  52 

54.5 

•  52 

43.2 

.52 

68.0 

.54 

70.1 

.54 

55-8 

.54 

44.1 

.54 

69.1 

-57 

72.1 

.56 

57-1 

.56 

44.9 

•  5  6 

70.5 

.60 

73*3 

.58 

45.6 

.63 

74.9 

.60 

47.0 

.68 

76.4 

.64 

48.5 

•  71 

77.6 

.68 

50.2 

.77 

79-6 

•  72 

51.7 

•76 

52.6 

(7\ 


TABIE  11  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(Ft  270  KSI)  AT  33  KSI  MAX.  STRESS  AND  R  OF  +0.5 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO* 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-l!t238-25 

X-H238-26 

X-14238-27 

x-14238-28 

X-142 38-29 

X-l 4238-30 

CRACK 

NO.  OP 

CRACK 

NO.  OF 

NO.  OF 

CRACK 

NO.  OP 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

do'3) 

(IN.) 

do'3) 

■ 

do'3) 

(IN.) 

do'3) 

(IN.) 

(10'3) 

(IN.) 

do'3) 

.18 

0 

.26 

0 

.18 

0 

.18 

0 

.18 

0 

mm 

0 

.20 

73.9 

.28 

8.1 

.20 

67.7 

•19 

43.4 

.20 

41.2 

36.0 

.22 

127.9 

•30 

15.8 

.22 

117.8 

.22 

100.0 

.22 

110.0 

65.6 

. 2k 

146.6 

•32 

32.8 

.24 

152.3 

.24 

137.8 

■23 

612.2 

.24 

103.5 

.26 

165.7 

•3*4 

61.6 

.26 

181.0 

.26 

323-6 

.26 

69O.5 

.26 

188.1 

.28 

202.0 

•  36 

91.1 

.28 

210.4 

.27 

456.4 

.28 

743.1 

.29 

215.7 

.30 

258.5 

.38 

104.2 

•30 

248.7 

.29 

790.4 

.29 

763-1 

.30 

247.7 

•  32 

290.6 

120.2 

■32 

269-6 

•  30 

866.3 

.32 

972.2 

.33 

273.2 

■34 

326.5 

.42 

l4o-5 

.34 

287.0 

■32 

944.4 

.35 

1,000-5 

.34 

291.5 

•  36 

3*t-l. 6 

.44 

150.5 

*36 

300.9 

•34 

999.6 

.36 

1,055.5 

.36 

305.6 

•  38 

365**4 

.46 

161.6 

.38 

318.4 

-36 

1,152.1 

.40 

1,074.6 

.38 

318.4 

.48 

172.1 

.4o 

335.8 

•38 

1,170.2 

.44 

1,100.5 

.40 

332.3 

•50 

180.6 

.42 

350.9 

1,242.0 

.46 

1,118.7 

.k2 

352.4 

.52 

188.8 

.44 

362.1 

.48 

1,136.8 

.44 

370.7 

•5*4 

198.0 

.46 

372-3 

.50 

1,155-5 

.46 

382.1 

.56 

208.0 

.48 

383.0 

•  52 

1,170.9 

.48 

389-1 

•50 

388.0 

•  56 

1,181.5 

.50 

398.8 

.52 

396.2 

•  52 

409.8 

-54 

4o4.7 

•  55 

420.6 

•56 

412.2 

•  58 

429.9 

.58 

418.6 

.61 

437.3 

.60 

425-8 

•63 

445.4 

.64 

435.7 

•67 

453.8 

.68 

447.0 

•  71 

462.5 

•  74 

458.0 

•  76 

474.3 

•  76 

461.5 

TABLE  12  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(F  220  KSI)  AT  1+5  KSI  MAX.  STRESS  ANT  R  OF  +0.1 

zu 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-14238-31 

X-3A238-32 

X-14238-33 

x-14238-34 

X-14238-35 

x-14238-36 

CRACK 

NO.  OF 

CRACK 

NO.  or 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IS!.) 

do"3) 

(IK.) 

do'3) 

(m.) 

do-3) 

(IN.) 

(10'3) 

(IN.) 

(10"3) 

(IN.) 

(lO"3) 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.20 

5-9 

.20 

2.2 

.20 

*.5 

.21 

.20 

3.3 

.20 

4.1 

.22 

9-3  I 

.22 

5.1 

.22 

8.1 

.23 

.22 

6.0 

•23 

8.1 

.24 

13.2 

.2k 

7.9 

. 2k 

13.0 

.25 

.2k 

9-3 

.24 

10.9 

.26 

15.7 

.26 

11.9 

.26 

16.5 

.26 

12.4 

.26 

12.7 

.26 

13.6 

.28 

18.5 

.28 

l4.1 

•29 

19.2 

•29 

14.7 

.28 

15-7 

.29 

16.2 

.30 

20.8 

•30 

17.7 

•  30 

20.2 

•30 

15.9 

•  30 

18.0 

•  30 

18.1 

.32 

22.6 

•32 

20.1 

.32 

21.5 

.32 

17.8 

•  33 

19-3 

•32 

20.2 

•35 

23.6 

•  34 

21.8 

■  34 

22.3 

■35 

19.8 

•  34 

20.0 

■36 

22.7 

•  36 

24.6 

•  36 

23-3 

•36 

24.7 

•36 

21.2 

•  36 

21.1 

•  38 

24.5 

.38 

25.8 

•  38 

24.8 

•  38 

26.1 

.40 

23d 

•  37 

22.0 

.4o 

26.4 

.  40 

25.8 

.40 

27.5 

.40 

23.5 

.46 

28.1 

.42 

27-0 

.42 

29-5 

.42 

25.2 

.48 

29.2 

.44 

28.1 

.44 

30-5 

.46 

26.8 

•  50 

30.4 

.46 

29.6 

.46 

31-5 

.48 

28.0 

•52 

31-4 

.48 

30.8 

.48 

32.3 

•  50 

2  9-0 

.  % 

32.4 

•  50 

31.8 

•  50 

33d 

•  56 

30-0 

.60 

33-2 

•  52 

32-6 

•53 

34.8 

•55 

31.1 

.64 

33-8 

•  55 

33-8 

•  54 

35*4 

•  57 

31-5 

.68 

34.8 

-56 

34-3 

■  56 

38.1 

•  72 

35.8 

•  58 

36.7 

•  78 

37.0 

.60 

37-3 

.64 

38.4 

.68 

39-6 

.72 

40.5 

-76 

41.7 

On 

00 


TABLE  13  SURFACE-CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(Ftu  220  KSl)  AT  33  KSI  MAX.  STRESS  AND  R  OF  +0.5 


MOIST  AIR  environment 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO, 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-142 

38-37 

x-14238-38 

X-14238-39 

X-14238-40 

X-14238-41 

X-l 4238-42 

CRACK 

NO,  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO,  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IK.) 

do'3) 

(I».) 

do-3) 

(IN.) 

do’3) 

(IN.) 

(10-3) 

(IN.) 

do'3) 

(IN.) 

do'3) 

.18 

0 

.18 

0 

0 

.18 

0 

.18 

0 

.18 

0 

.20 

40.5 

.20 

61.3 

75.3 

.20 

22.4 

.20 

70.1 

.20 

.22 

65.4 

.22 

111.5 

130.9 

.22 

4o.7 

.22 

312.7 

.22 

.24 

m.o 

. 24 

147.8 

.24 

170.8 

.24 

58.8 

.24 

399-7 

.24 

I  9 

.26 

145.2 

.26 

197.4 

.26 

205.0 

.26 

81.1 

.26 

604.0 

.26 

iki;  m 

.28 

186.4 

.28 

246.5 

.28 

251.4 

.28 

133.4 

.28 

675.4 

.28 

928.0 

.30 

213-7 

.30 

261.4 

•  30 

310.3 

•  32 

160.8 

.30 

848.0 

•  30 

955.1 

.32 

231.1 

.32 

286.5 

.32 

359-8 

•  34 

170.5 

■33 

920.9 

-33 

1,009.0 

•  34 

265.4 

-34 

311-3 

.34 

377-6 

.36 

184.7 

•  34 

942.7 

•35 

1,027.0 

-36 

281.9 

.36 

328.2 

•  36 

398.6 

.38 

190.4 

•  37 

974.5 

.36 

1,037-1 

•38 

295-7 

.38 

345.6 

•  38 

414.3 

.38 

988.1 

.38 

1,068.4 

-4o 

364.9 

.40 

430.5 

.4o 

1,004.7 

.40 

1,100.6 

.42 

381.0 

-42 

446.3 

.42 

1,010.3 

.43 

1,133.6 

.44 

388.2 

Ah 

462.7 

.46 

1,050.0 

-45 

l,l4i .4 

.47 

4o8.8 

.46 

476.6 

.48 

1,079-4 

.46 

1,148.3 

.48 

415.4 

.48 

481.8 

.50 

1,108.9 

.50 

1,170.1 

.50 

424.9 

•  50 

487.2 

•  52 

1,142.5 

•  52 

1,188.2 

•  52 

431.7 

•  52 

500.6 

•  56 

1,164.8 

.54 

1,197-6 

•  55 

439.5 

.54 

507.3 

•  56 

1,210.5 

.56 

442-7 

•  56 

515.8 

.58 

1,221.1 

.58 

522.1 

•  59 

1,230.1 

.60 

531.8 

.64 

1,251.7 

.65 

543.3 

■69 

1,270.9 

.68 

550.7 

.76 

1,284.6 

.72 

556.7 

.76 

563.3 

TABLE  Ik  SURFACE  -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/4"  THICK  300  M  STEEL 

(Ft  290  KSI)  AT  4-5  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

X-14239-19 

SPECIMEN  NO. 

X-14239-20 

specimen  no. 
X-14239-21 

SPECIMEN  NO. 
X-14239-22 

_ _ 

SPECIMEN  NO. 
X-14239-23 

SPECIMEN  NO. 
X-14239-24 

CRACK 

length 

(IN.) 

NO.  OF 
CyCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10‘3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10-3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10‘3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.20 

8.0 

.20 

9.8 

.20 

6.1 

.20 

6.3 

.20 

12.9 

.20 

15.0 

.22 

15-7 

.22 

19.7 

.22 

12.8 

.22 

12.0 

.22 

17.6 

.22 

25.0 

.2k 

22.3 

.24 

26.6 

.24 

20.7 

.24 

20.0 

.24 

22.3 

.24 

35-0 

.27 

27-9 

.26 

29.7 

.26 

27-3 

.26 

24.7 

.26 

27.6 

.27 

45.0 

.28 

31-0 

.28 

32.6 

•30 

34.3 

.28 

29.8 

.28 

32.3 

•  30 

52.0 

•  30 

34-5 

.30 

35-5 

.32 

38.9 

•30 

33.0 

.30 

36.9 

■32 

57-2 

•  32 

39.1 

•  32 

39-6 

-31* 

42.6 

•  32 

36.5 

.32 

40.2 

•34 

63.0 

.3** 

42.9 

•34 

41.9 

■38 

46.7 

.34 

40.0 

.34 

42.3 

.4o 

70.0 

.36 

46-8 

.36 

44.0 

.4o 

50.4 

.36 

43*6 

•36 

44.8 

■43 

74.0 

.38 

50.2 

•  38 

46.0 

.43 

53-8 

•38 

45.4 

•38 

48.0 

•45 

76.0 

.1*0 

52.2 

.4o 

48.6 

.44 

55-8 

.40 

47.6 

-4o 

49.7 

•47 

78.3 

.42 

54.0 

.42 

51-2 

.48 

59-4 

.42 

49.7 

.42 

51.9 

•52 

82.7 

.44 

55-9 

.44 

53-3 

.50 

61.9 

.44 

52.4 

.44 

55-0 

•  54 

85.2 

.46 

57-9 

.46 

55-3 

■53 

64.7 

.46 

55.0 

.46 

57-2 

•  56 

87.I 

.48 

59-8 

.48 

57.8 

•55 

66.9 

.48 

57.0 

.48 

59-9 

.60 

90.0 

•  50 

61.9 

•  50 

60.0 

-56 

68.2 

•  50 

58.2 

•  51 

62.3 

•63 

92.0 

.52 

64.2 

-52 

62.0 

.58 

70.1 

•  52 

59.0 

■54 

64.9 

.68 

94.8 

•5* 

66.1 

•  5l* 

63.8 

.61 

72.1 

.54 

6O.0 

•  56 

66.0 

•75 

99.0 

.56 

67-8 

•  56 

66.0 

.65 

74.8 

•  56 

62-3 

•  58 

68.2 

.84 

102.7 

.58 

69-1 

.58 

67.7 

.68 

77.2 

•  58 

64.6 

.60 

69-7 

•  90 

105.0 

.60 

71-6 

.60 

69-3 

•  73 

80.1 

.60 

65*1 

.64 

72.8 

.94 

106.5 

.64 

71.2 

•  78 

82.7 

-70 

76.0 

•98 

103.0 

.68 

73.7 

.81 

84.4 

•  72 

76.5 

1.00 

108.7 

•  72 

75-2 

.84 

86.4 

•  76 

79-0 

•  76 

77-2 

•  89 

88.4 

.80 

82.3 

.80 

79-7 

.94 

90.3 

•97 

91-9 

1.00 

93-1 

TABLE  15  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/4"  THICK  300  M  STEEL 

(Ft  290  KSl)  AT  42  KSI  MAX.  STRESS  AND  R  OF  +0.2 


MOIST  AIR  ENVIRONMENT 

SAIT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO.  1 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-1F239-25 

X-ll*239-26 

X-14239-27 

X-14239-28 

X-14239-29 

X-14239-30 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

(10‘3) 

(IN.) 

do'3) 

(I®.  ) 

do'3) 

(IN.) 

(10~3) 

(IN.) 

do'3) 

(IN.) 

(10'3) 

.18 

0 

1| 

0 

.18 

0 

.18 

0 

— 

0 

.20 

20.3 

6.3 

.20 

15.6 

.20 

25.3 

■ 

15-0 

.22 

29.5 

17.1 

*22 

30.1 

.22 

39.3 

4l.8 

.24 

45-3 

.21 

*24 

30-4 

.25 

42.2 

.24 

46.7 

.25 

60.5 

.26 

57. 2 

.26 

.26 

38.5 

.28 

54.3 

.26 

57.0 

.27 

70.0 

.28 

65.2 

.28 

53-0 

.28 

46.2 

-30 

62.3 

.28 

56.2 

.28 

80.0 

.32 

73.6 

•  31 

65-0 

.30 

52.1 

-32 

69.2 

•  30 

62.9 

-31 

90.4 

•  35 

80.2 

.32 

68.4 

.32 

57-4 

.34 

75.4 

•  32 

69.5 

.33 

100.0 

.36 

82.0 

•  35 

75.1 

•  31* 

60.1 

80.5 

.34 

73-6 

.35 

110.0 

*4o 

87.9 

.38 

80.6 

.36 

64.2 

.38 

85.3 

.36 

77.2 

.38 

120.0 

.1*2 

92.5 

.1*0 

84.2 

.38 

67.9 

.4o 

89,2 

.38 

81.8 

.41 

128.0 

96.5 

.1*2 

87.2 

.40 

71.9 

.42 

93.3 

.40 

86.0 

•  43 

135.0 

.47 

100.3 

.1*4 

90.0 

.42 

75.2 

.45 

96.8 

.42 

90.0 

•  45 

144.0 

.1*8 

101.9 

*46 

93.2 

.44 

78.5 

.48 

102.1 

.44 

93-9 

•  50 

153.1 

.50 

Id*.  7 

,4 8 

96.3 

.1*6 

80.7 

.50 

105.2 

.46 

96.7 

.54 

160.0 

.52 

107.1 

.50 

99-3 

.48 

83.O 

.52 

108,2 

.48 

100.0 

•  56 

163.1 

•  55 

109.5 

.52 

102.3 

.50 

86*0 

.54 

110.9 

•  50 

102.7 

.58 

166.5 

•  56 

111.0 

.54 

105.3 

.52 

88.3 

•  56 

113.2 

•  52 

105.0 

.60 

170.0 

.58 

113.0 

.56 

103.4 

•  54 

90.6 

.58 

116.0 

•  54 

107.3 

.65 

176.0 

.60 

157.0 

.58 

,62 

.64 

.69 

.75 

.80 

111.3 

n4.4 

116.7 

122.1 

126.8 

130.2 

.56 
.58 
.60 
.64 
.68 
.72 
.76 
.80 
.84 
.88 
•  92 
.96 

1.00 

93.2 
95.9 

98.3 
101.0 
103.8 

106.1 

109.2 
112.5 

115.2 

117.2 
119.0 

121.3 
123.2 

.60 

118.3 

.56 

.58 

.60 

,64 

.68 

.72 

.76 

.81 

110.1 

112.8 

115.3 

118.7 

121.9 

125.0 

128.5 

131.0 

•  70 
.72 

•  79 
.83 
.86 
.90 

•  98 

1.00 

182.0 

185.2 

191.0 

194.0 

197-0 

200.0 

204.0 

205.4 

-0 


TABLE  16  SUBFACE  -  CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/4"  THICK  300  M  STEEL 

(Ft  290  KSI )  AT  33  KSI  MAX.  STRESS  AND  R  OF  +0.5 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-IA239-3I 

X-14239-32 

X-14239-33 

X-14239-34 

X-14239-35 

x-14239-36 

CRACK 

NO.  OF 

CRACK 

HO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

crack 

no.  or 

CRACK 

NO.  OF 

LENGTH 

cycles 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

Go'3) 

(IN.) 

Go'3) 

(IN.) 

(10"3) 

(IN.) 

(10‘3) 

(IN.) 

(10'3) 

(IN.) 

(10'3) 

.18 

0 

.18 

0 

0 

0 

.18 

0 

.18 

0 

.20 

20.2 

.39 

70.2 

102.5 

82.1 

.20 

51.0 

.20 

44.2 

.22 

31.7 

.4o 

81.4 

179.8 

160.3 

.22 

98.4 

.22 

75.8 

.21+ 

39.2 

.42 

86.4 

.24 

244.9 

.24 

260.1 

.23 

135.7 

.24 

106.5 

.26 

47.5 

.44 

116.0 

.26 

300.4 

.27 

302.1 

.26 

180.2 

.26 

149-1 

.26 

58.9 

.48 

129.2 

•  32 

374.2 

-30 

335.9 

.30 

217.9 

.28 

168.1 

•  30 

65.5 

.50 

137.0 

-34 

395.8 

-33 

367.1 

.33 

240.4 

.30 

185-3 

.32 

71.7 

.52 

142.7 

.36 

415.4 

-36 

405.1 

.35 

261.5 

.32 

200-0 

-35 

77-8 

.54 

154.8 

•  38 

438.6 

-38 

430.2 

.37 

281.0 

-34 

227.6 

•  38 

82.4 

.56 

180.1 

*4o 

461-5 

*4o 

449.1 

.39 

300.0 

.36 

256.6 

.40 

87.1 

.58 

189.2 

.44 

484.0 

.42 

463.6 

.42 

320.7 

.38 

279.9 

.42 

90.6 

.60 

199.3 

.46 

498.9 

.44 

477.0 

.44 

340.6 

.42 

310.5 

.44 

93.5 

.64 

207.2 

.48 

512-8 

.46 

490.0 

.47 

36O.O 

.44 

324-5  [ 

97.0 

.68 

219.2 

.50 

525-9 

.48 

505.5 

.49 

38O.0 

*45 

350.0 

.hd 

100.9 

.72 

228.0 

-53 

537-3 

•  50 

521.1 

•  52 

400.0 

.48 

371-9 

.50 

103.6 

.76 

235.7 

•  54 

547-4 

-52 

537.6 

.54 

415-0 

•  50 

385-3 

.52 

106.9 

.80 

247.4 

.56 

555-2 

.54 

547.3 

•57 

43O.O 

•53 

410.0 

.54 

109.8 

.58 

563-2 

555.3 

•  58 

440.0 

-56 

429.1 

■  56 

111.8 

.61 

571-3 

.58 

561.9 

.60 

455.0 

.60 

450.0 

.58 

113.7 

.64 

582-3 

.60 

568.6 

.63 

475.0 

.64 

481.0 

.60 

116.9 

.68 

599.O 

.67 

495.0 

-69 

511.7 

•  74 

614-9 

•  71 

514.0 

•  73 

535.0 

.76 

620-2 

.75 

541.3 

•75 

551.2 

.80 

629-3 

.81 

565.3 

.80 

576.4 

.84 

638.2 

.84 

597.4 

.87 

645-7 

.87 

617.O 

-92 

653*7 

-94 

637.5 

•  95 

656-0 

-97 

649.8 

1.00 

667-7 

_ 

- 

1.00 

655.1 

-q 

ro 


TABLE  17  SURFACE -CRACK  LENGTH  VS  NUM 

(Ftu  290  KSl)  AT  4 


MOIST  AIR  ENVIRONMENT 


SPECIMEN  NO. 

F-l 

SPECIMEN  NO. 

F-2 

SPECIMEN 

F-3 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

LENGTH 

cycles 

LENGTH 

CYCLES 

LENGTH 

(IN.) 

do'3) 

(IN.) 

do'3) 

(IN.) 

.18 

0 

.18 

0 

.18 

.20 

5.5 

.20 

ii. 3 

.20 

.22 

9.3 

.22 

15.8 

.22 

.24 

11.7 

.24 

21.2 

.24 

.26 

15.5 

.26 

26.0 

.26 

.28 

84.1 

.28 

29.3 

.28 

.30 

24.7 

.30 

33.1 

■  30 

•  32 

27.2 

.32 

36.7 

•  32 

.34 

29.6 

.34 

4o.7 

-36 

•36 

31-6 

.36 

43.9 

•  39 

•38 

34.2 

.39 

4?.6 

.-40 

.40 

37-7 

•  4o 

48.8 

.42 

.44 

4o.O 

.42 

50.8 

.44 

.46 

42.8 

.44 

53.8 

.46 

.48 

45.1 

.46 

55-9 

.48 

•52 

47.6 

.48 

58.5 

.50 

.54 

49.0 

.50 

59-0 

■  52 

•56 

50.6 

.52 

60.3 

.54 

•58 

52.7 

.54 

61.3 

•  56 

-60 

54.4 

•  56 
•58 
.60 
.64 
.68 

•  72 
.76 
.80 

62.8 

64.4 

66.2 

68.7 

71.6 

72.8 
74-3 

76.1 

-58 

.60 

.65 

.68 

•  72 

•  76 
.80 
.85 

.89 

.92 

.96 

1.01 

NO. 

SPECIMEN  NO. 

F-4 

SPECIMEN  NO. 

F-5 

SPECIMEN  NO. 

F-6 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

do'3) 

(IN.) 

do*3) 

(IN.) 

do~3) 

(IN.) 

(10"3) 

0 

.18 

0 

.18 

0 

.18 

0 

10.0 

.20 

.20 

8.9 

.22 

6.3 

17.0 

.22 

KB 

.22 

15.6 

.24 

11.4 

29.6 

.24 

»w 

.27 

20.8 

.26 

14.4 

35-7 

.26 

.28 

24.0 

.28 

21.4 

4i.l 

.28 

36.1 

•  31 

28.4 

-30 

24.3 

47.2 

.30 

40-9 

•  32 

30.2 

•32 

28.4 

53-5 

.32 

45.9 

•  36 

34.0 

.34 

31-4 

59.4 

.34 

54.6 

•  38 

37.1 

-37 

34.6 

64.2 

.38 

63-5 

.4o 

40.0 

.40 

37-5 

66.3 

•43 

71.5 

.45 

43.0 

■43 

40.4 

69-2 

.44 

72-9 

.46 

44.5 

•  45 

43.7 

73-3 

.46 

76.9 

•  50 

47.0 

.50 

45.4 

75-4 

•49 

79.3 

•52 

49.2 

•  52 

47.6 

77.8 

•  50 

80.8 

.54 

51.3 

.54 

49.8 

80.3 

•  52 

83.8 

•  56 

53.3 

•  57 

51.8 

83.1 

•  54 

86.1 

.61 

55-3 

.58 

52.6 

85.1 

•  56 

88.2 

.64 

57.5 

.60 

54.7 

87.2 

•  58 

90.2 

.68 

60.3 

.68 

58.5 

89.3 

.60 

92.6 

■  76 

63.6 

-72 

60.4 

91.5 

.80 

66.0 

•  76 

62.5 

95-1 

.80 

64.5 

98.1 

.85 

66.4 

100.7 

•  90 

67-9 

102,9 

.92 

68.9 

106.1 

70.4 

109-1 

72.3 

111.2 

112.8 

114.9 

117-0 

-o 

UJ 


TABLE  18  SURFACE -CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/V  THICK  300  M  STEEL 

(F  270  KSl)  AT  45  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 

SALT  'WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

P-7 

specimen  no. 

F-8 

SPECIMEN  NO. 

F-9 

SPECIMEN  NO. 

F-10 

SPECIMEN  NO. 

F-ll 

SPECIMEN  NO. 

F-12 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

CIO’3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10"3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

.18 

0 

.18 

0 

.18 

0 

,  0 

.18 

0 

.18 

0 

.20 

12.6 

.20 

10.3 

.20 

10.4 

5.3 

.20 

10.4 

.20 

5.9 

.23 

22.0 

.22 

19.8 

.22 

19.8 

13.3 

.22 

20.3 

.22 

10.3 

.24 

24.8 

.24 

23.5 

•23 

23.5 

.26 

21.2 

.23 

30.4 

.24 

16.5 

.26 

30-3 

.26 

27.6 

•25 

28.5 

.28 

25.1 

.26 

38.0 

.27 

27.6 

.28 

35-4 

.28 

35-5 

.28 

34.1 

•  30 

28.5 

.28 

43.9 

.28 

32.7 

.30 

38-9 

.30 

39.0 

■31 

38.2 

.32 

31.6 

.30 

47.1 

•31 

4o.O 

.32 

42.4 

•33 

4o.4 

•32 

40.9 

■  34 

33.2 

.32 

50.5 

•35 

46.8 

.34 

46-2 

•  34 

43-3 

.34 

43-8 

■  36 

35.9 

.34 

53.6 

•38 

52.0 

.37 

49.9 

•36 

45.5 

-36 

46.5 

40.2 

.36 

56.0 

.40 

55.7 

..38 

52.2 

•38 

47.7 

.4o 

49-3 

-43 

42-7 

.38 

60.1 

.to 

60.6 

.4o 

55-6 

■  4o 

49.3 

.42 

51.7 

-45 

44.4 

■  4o 

63-3 

.to 

67-8 

60.6 

.42 

51.1 

.44 

53-6 

.46 

45.3 

.42 

67.1 

.48 

71-1 

.46 

63-3 

.44 

53-3 

.46 

56.3 

.48 

48.1 

.44 

69-6 

-50 

73.8 

.48 

65.6 

.46 

55-3 

.48 

58.6 

.50 

50.2 

.46 

71.3 

•53 

77.6 

.50 

68. 5 

.48 

57.0 

•  50 

60.2 

•  53 

52.3 

.48 

73-2 

.54 

79-6 

.52 

70.7 

•  50 

58.8 

•  52 

61.8 

.54 

53-1 

•  50 

76.1 

•  59 

83.6 

•  55 

73-0 

-52 

60.1 

•  54 

63.1 

■  57 

55-2 

•  52 

78.2 

.60 

85.0 

•  56 

74.8 

•  54 

61.8 

.56 

65.0 

.58 

55-8 

.54 

80.3 

.67 

90.0 

•  58 

76.6 

*56 

63-7 

.58 

67.1 

.60 

57.1 

•  56 

82.5 

.69 

92.8 

.60 

78.4 

.60 

65*6 

.60 

68.7 

.58 

85.0 

•  72 

96.0 

.64 

68.0 

•63 

70.0 

.60 

87.6 

-77 

99-7 

.68 

70.1 

.68 

73*3 

.65 

90.1 

.84 

103.1 

•  72 

72.0 

.72 

75.4 

•  70 

93-1 

.89 

106.0 

.76 

73.5 

•  76 

77-5 

•  73 

95-7 

.98 

109.3 

.80 

.81 

79-6 

-76 

97-4 

1.00 

110.5 

.84 

81.2 

.81 

loo.o 

.90 

83.1 

•  94 

84.5 

.96 

85.3 

_ 

1.00 

87-7 

TABLE  19  SURFACE-CRACK  LENGTH  VS  HUMBER  OF  FATIGUE  CYCLES  FOR  3/4”  THICK  300  M  STEEL 

(Ftu  220  KSI)  AT  45  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

P-13 

SPECIMEN  NO. 
f-i4 

SPECIMEN  NO. 

*-15 

SPECIMEN  NO. 

P-16 

SPECIMEN  NO. 

P-17 

_ _ _ 

SPECIMEN  NO. 

F-18 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10-3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

— 

NO.  OF 
CYCLES 

do"3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

•19 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.18 

0 

.20 

10.T 

.20 

7.2 

.21 

4.5 

.22 

10.3 

.20 

5.2 

.20 

4.3 

•  22 

20.8 

•  22 

13.-9 

.22 

7-5 

.24 

15.9 

.22 

9.3 

.22 

8.0 

.26 

29.9 

.24 

19,4 

.24 

11.3 

.26 

19.4 

.24 

12.7 

.24 

11*3 

.29 

34.7 

.28 

26.4 

.26 

15.7 

.28 

22.3 

.26 

16.2 

.2 6 

14.5 

.30 

36*3 

.30 

30.4 

.28 

20.3 

-30 

25.7 

.28 

19.2 

.28 

17.0 

•32 

39-1 

.33 

33.5 

•30 

25.1 

•32 

29.4 

-30 

22.2 

•30 

19.4 

•  34 

1*0.9 

.34 

35-4 

■36 

30.0 

-34 

32.7 

.32 

24.5 

•  32 

21.6 

-36 

1*3.0 

.36 

38.3 

.38 

32.2 

•36 

35.6 

.34 

27.4 

.3^ 

23.0 

-38 

1*3.1 

.38 

40.9 

.42 

34.3 

.4o 

38.5 

•36 

29.6 

♦36 

24.6 

.1*0 

46.4 

.40 

43.2 

.43 

36.0 

-43 

1*0.5 

.38 

31.9 

.38 

26.O 

•  42 

47.5 

.42 

45.6 

.47. 

38.5 

.46 

42.6 

•  4i 

33.8 

.4o 

27.9 

.1*1* 

49.0 

.45 

47-9 

•52 

40.1 

.48 

44.6 

.43 

35.3 

.42 

29.5 

.46 

50.3 

.46 

49.0 

-54 

41.3 

-50 

47.3 

.46 

38.5 

.44 

30.8 

.he 

57.6 

♦  43 

51-1 

.56 

42.4 

-52 

49.2 

.50 

4o.8 

.46 

32.0 

.50 

52.8 

.52 

53-9 

•  58 

43.4 

-55 

50.8 

.52 

42.4 

.48 

33*1 

.52 

53-9 

.36 

56-3 

.60 

44.2 

-58 

52.5 

.54 

44.2 

♦50 

34.0 

.54 

54.8 

.58 

58-5 

.64 

46.0 

.60 

54.0 

.58 

45.8 

•52 

35.1 

.56 

55.6 

.60 

60.3 

.68 

46.3 

.61 

47.3 

35*9 

.58 

57.6 

.65 

62.6 

.72 

47.5 

.65 

49.2 

-56 

36.3 

.61 

58.6 

.68 

64.3 

.76 

49.0 

.67 

50-3 

.58 

37-0 

.80 

49.8 

.71 

51-7 

•  59 

38.0 

.86 

51.4 

.77 

53-3 

•  63 

39-0 

.90 

52.2 

.81 

55-9 

.68 

40.0 

.96 

53-1 

.72 

4l.o 

1.01 

54.3 

.76 

42.1 

.80 

43.4 

.84 

44.3 

.88 

45.2 

•  93 

46.1 

.98 

47.2 

TABLE  20  THROUGH-CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  l/8"  THICK  300  M  STEEL 

(Ft  290  KSI)  AT  15  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X -1421)0-6 

X-14240-12 

X-14240-7 

X-l424o-8 

X-l424o-ll 

X-14240-10 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CyCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

(10~3) 

(IN.) 

do'3) 

(IN.) 

(10'3) 

(IN.) 

do'3) 

(IN.) 

do'3) 

(IN.) 

do-3) 

•  75 

0 

•75 

0 

■75 

0 

•75 

0 

•75 

0 

•75 

38,0 

.80 

2U-.7 

.80 

12.7 

.80 

30.0 

■  79 

39.8 

•  83 

22.5 

.80 

80.1 

-85 

41.5 

.85 

24.5 

-85 

61. 5 

.84 

80.1 

•  85 

26.8 

•85 

103.5 

•  90 

57.8 

-92 

36-5 

■  90 

88-9 

•  90 

120.1 

■  90 

34.8 

■90 

124.4 

•  95 

73.5 

•  95 

42.0 

■95 

100-9 

-95 

150.9 

•95 

45.9 

■95 

147.0 

1.00 

86.2 

1.00 

50.0 

1.00 

116.4 

1.00 

174.0 

1.00 

57-0 

1.00 

177-3 

1.05 

97.7 

1.05 

60.2 

1.05 

134.2 

1.05 

200.2 

1.04 

67-2 

1.05 

197.1 

1.10 

111.7 

l.lh 

70.1 

1.10 

144.1 

212.2 

1.10 

78-3 

1.09 

215-4 

1.15 

121.4 

1.20 

78.0 

1.15 

153-7 

1-15 

217.4 

1.16 

90.0 

1.15 

24o.3 

1.20 

129-8 

1-25 

85-7 

1.20 

162.0 

1.20 

221*0 

1.25 

101-5 

1.22 

248-3 

1-33 

92.5 

1-25 

170.6 

1.25 

225.1 

1.30 

111.5 

1.27 

263.6 

1-35 

94.1 

1-30 

180.2 

1.30 

230.8 

1.40 

121-5 

1-35 

278.6 

1.4o 

99.8 

1-35 

186.1 

1-50 

127>0 

1.40 

286.1 

1.45 

104.9 

i.4o 

195.I 

1.60 

136.0 

1.45 

294.1 

1.50 

110.1 

1.45 

205-1 

1-70 

143.0 

1.48 

302.2 

1.60 

120.3 

1.50 

212.2 

1.80 

149.0 

I.50 

305.1 

1.70 

128.2 

I.60 

224.9 

1.89 

155-9 

1.60 

322.1 

1.80 

135-0 

1.70 

241.2 

1.70 

337.2 

1-90 

141-3 

1.80 

248.0 

1.80 

349.1 

1.90 

262.0 

1.90 

361.5 

2.00 

270.0 

2.00 

373.0 

2.11 

280.0 

2-13 

387.1 

2.20 

289.0 

2.21 

397-0 

2.30 

2.42 

296-5 

2.31. 

401.0 

303.0 

2.40 

409.0 

2.51 

309.0 

2.55 

4l4.0 

}TH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 
KSI)  AT  15  K SI  MAX.  STRESS  AND  R  OF  +0.1 


SALT  WATER  SPRAY  ENVIRONMENT 


SPECIMEN  NO. 
X-1 421*1-3 


SPECIMEN  NO. 
X-14241-4 


SPECIMEN  NO. 
X-14241-5 


SPECIMEN  NO. 
X-14241-6 


NO.  OF 
CYCLES 

(LO-3)  j 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

0 

•75 

0 

.77 

0 

•  75 

0 

14-3 

.80 

19.9 

.80 

l4.i 

.80 

23-8 

27.3 

■  85 

48.7 

.85 

230.0 

.85 

45.9 

bo. a 

-90 

81.0 

•  90 

307.4 

.89 

63.1 

57.3 

■97 

112.9 

■  95 

372.9 

•95 

92.8 

70.2 

1.02 

132.8 

1.00 

438.5 

1.00 

128.8 

83d 

1.06 

146-3 

1.05 

497.2 

1.05 

160.3 

93-1 

1.09 

157.1 

1.10 

542.2 

1.10 

187.3 

!  103.3 

1.15 

179.5 

1.15 

567.9 

1.15 

217.6 

116.0 

1.22 

202.1 

1.20 

595-3 

1.20 

243.7 

126.8 

1.25 

220.2 

1.25 

614.8 

1.25 

266.4 

136.5 

1.30 

237-7 

1.30 

635.8 

1.31 

290.4 

Id.  5 

1.35 

654.1 

1-38 

308.7 

153-4 

1.40 

675.7 

1.40 

318.6 

162.9 

1.45 

693.1 

1.45 

32S.  2 

:  170.4 

1.50 

708.3 

1.51 

342-8 

!  186.4 

1.60 

729.0 

1-59 

358.0 

200.1 

1.70 

748.6 

1.71 

377-5 

211.5 

1.80 

767.9 

1.82 

394.4 

222.0 

1.90 

776.9 

1.92 

405.1 

231.7 

1.99 

413.7 

242.7 

2.08 

420.1 

250.2 

2.32 

432.8 

258.3 

2.40 

445.2 

265.4 

2.50 

453.4 

271.1 

TABLE  22  THROUGH  -  CRACK  LEHGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(Fj_„  270  KSl)  AT  15  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 


SALT  WATER  SPRAY  ENVIRONMENT 


SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-14241-7 

X-l42l4.1-8 

X-14271-9 

X-l 4241-10 

X-14241-11 

X-14241-12 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

KO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

do'3) 

(IK.) 

do'3) 

(IK.) 

do'3) 

(IN.) 

(10'3) 

(IN.) 

CIO'3) 

(IK.) 

(10'3) 

•  75 

0 

•  75 

0 

•  75 

0 

.75 

0 

•  76 

0 

-75 

0 

.80 

17.8 

.80 

13-2 

.80 

27.3 

.80 

17-1 

!  .80 

24.8 

.80 

10.0 

.85 

28.9 

.85 

32.0 

.85 

45.4 

.87 

39-4 

•85 

58.4 

•85 

16.8 

-90 

A1.2 

•  90 

47.9 

•90 

58.7 

•92 

50.5 

.90 

98.0 

■90 

32.1 

•  95 

54.9 

•95 

65. b 

•95 

81.1 

■  96 

59-9 

•96 

123.2 

■95 

59-8 

1.00 

65-4 

1.00 

86.9 

1.00 

100.3 

1.00 

64-6 

•99 

138.1 

1.00 

75-9 

1.05 

77-2 

1.05 

105.7 

1.05 

109.4 

1.07 

77-7 

1.05 

155.1 

1.04 

91.9 

1.10 

89.8 

1.10 

126.5 

1.10 

119.7 

1.12 

88.3 

1.10 

168.4 

1.10 

107-5 

1.15 

112-9 

1.15 

136.4 

1.15 

129.4 

1.18 

95-4 

1.15 

181.0 

1.20 

125.7 

1.20 

129-5 

1.20 

148.2 

1.20 

142-9 

1.22 

100.3 

1.20 

190.2 

1.29 

137.2 

1.25 

143-0 

1.26 

160.1 

1.25 

152.1 

1.26 

105.4 

1.25 

196.1 

1-35 

143.2 

1-30 

163-0 

1.30 

171.9 

1.30 

160.4 

1.29 

110.2 

1.30 

204.0 

l.4o 

147.7 

1.35 

l8o.4 

1-35 

167-9 

1-35 

212.7 

1-45 

152.4 

1.4o 

192-8 

1.4o 

175.4 

1.4o 

222.0 

1.50 

157.7 

1.45 

202.1 

1.45 

183.1 

1.45 

226.1 

1.60 

167.5 

1.50 

210.2 

1.50 

189.2 

1.50 

230.0 

1.70 

174.8 

1.60 

230.4 

1.60 

201.9 

1.60 

243.6 

1.80 

181.2 

1.70 

250.0 

1.70 

212.0 

1.70 

250.9 

1.90 

187.1  | 

1.80 

265-0 

1.80 

221.7 

1.81 

258.8 

2.00 

193-8 

1.90 

275.2 

1.90 

230.1 

1.90 

268.3 

2.10 

201.6 

2.00 

237.6 

2.20 

207.2  i 

2.10 

245.7 

2.30 

212.5 

2.20 

252.4 

2.40 

218.2  ! 

2.30 

257.9 

2.50 

221.7  ' 

2.41 

263.9 

_ 1 

] 

1 

2.50 

268.3 

1 

1 

1 

TABLE  23  THROUGH-CRACK  LENGTH  VS  HUMBER  OF  FATIGUE  CYCLES  FOR  3/8”  THICK  300  M  STEEL 

(F  270  KSl)  AT  11  KSX  MAX.  STRESS  AND  R  OF  +0.5 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY'  ENVIRONMENT 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

SPECIMEN  NO. 

X-l424l-13 

X-14241-15 

X-14241-14* 

X -142M-16 

_ 

X-14241-17* 

_ 

X-14241-18* 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

do-3) 

(IN.) 

1 

0 

H 

(IN.) 

(10-3) 

(IN.) 

(10‘3) 

(IN.) 

(10*3) 

(IN.) 

(10*3) 

•  75 

■H 

•75 

0 

•75 

0 

•75 

0 

-75 

0 

-75 

0 

.80 

.82 

663-5 

.80 

8.4 

.81 

25^.6 

.80 

17.9 

■83 

16.4 

.81 

■M® 

.84 

682.1 

.85 

17.8 

.85 

379-3 

•  85 

29.4 

.88 

21.4 

•93 

EHEH 

•90 

796-5 

•  90 

25.0 

•  90 

660.2 

•  90 

38.7 

•  90 

24.3 

-96 

203.8 

-95 

955-7 

•95 

30.8 

■95 

1,045.6 

.96 

50.7 

.98 

31-1 

1.00 

260.6 

1.00 

1,036-4 

1-00 

37-5 

1.00 

1, 33^-5 

1.00 

59-4 

1.01 

35-3 

1.05 

311.8 

1.05 

1,196.3 

1.05 

44.8 

1.05 

2,205.8 

1.05 

71-0 

1.07 

42.8 

1.10 

35^-7 

1.10 

1,300.6 

1.10 

49.5 

1.10 

81.2 

1-13 

48.o 

1.15 

**33  d 

1-15 

1,391-1 

1.15 

56.3 

1.15 

88.0 

1.15 

50.6 

1.20 

517.6 

1.20 

1,478.2 

1.20 

63-6 

1.20 

94.9 

1.20 

53-8 

1-25 

5*16.8 

1.25 

i> 5^7-9 

1.26 

68.6 

1.26 

101-5 

1.26 

58.3 

1.30 

603.7 

1.30 

1,599.4 

1-30 

72.3 

1-32 

106.6 

1.30 

61.2 

1-35 

1,66^.  6 

1-35 

77-5 

1.36 

111.5 

1.35 

62.7 

1.4o 

1,707.5 

1.4o 

82.4 

l.4o 

115-8 

1.4o 

64.9 

1.50 

1,801.0 

1.45 

89.2 

1.45 

120.  T 

1.45 

67-3 

I.60 

1,866.1 

1.52 

94.1 

1.50 

124.8 

1.52 

71.5 

I.70 

1,941.4 

1.60 

99-9 

1.60 

134.6 

1.60 

75-3 

I.80 

2,003.8 

1.70 

104.5 

1.70 

143.0 

1.70 

82.0 

I.90 

2,068.4 

1.80 

110.8 

1.80 

150.7 

1.83 

87.4 

2.00 

2,151.0 

1.90 

116.1 

1.90 

157-3 

1-95 

92.2 

2.00 

120.2 

2.03 

95.5 

2.10 

126.7 

2.10 

97-2 

2.20 

130.5 

2.20 

100.8 

2.30 

133-9 

2.30 

101.9 

2. bO 

136.7 

2.42 

103.  S 

2-50 

138.5 

2.52 

106.0 

*22.5  KSI 

_ 1 

Max.  Stress 

TABLE  24  THROUGH-CRACK  LENGTH  VS  NUMBER  OF  FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 

(F  220  KSl)  AT  15  KSI  MAX.  STRESS  AND  R  OF  +0.1 


MOIST  AIR  ENVIRONMENT 

SALT  WATER  SPRAY  ENVIRONMENT 

SPECIMEN  NO. 
X-l>24l-19 

specimen  no. 
X-l424l-20 

SPECIMEN  NO. 
X-14241-21 

SPECIMEN  NO. 

X-14241-22 

SPECIMEN  NO. 

X-l 4241-23 

SPECIMEN  NO. 
X-14241-24 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(lO"3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

-75 

0 

•75 

0 

-78 

•75 

0 

.76 

0 

•  75 

0 

.80 

17-0 

■83 

15.6 

.80 

•83 

■8M 

.82 

13.4 

•83 

11.7 

.85 

30.2 

.88 

23-2 

-85 

.85 

.86 

18.1 

.85 

19-4 

•  90 

35-6 

.91 

31-7 

-90 

.90 

•  92 

22.8 

-90 

32.0 

•  95 

39-3 

-95 

33-5 

-96 

38.3 

.95 

K  HI 

•95 

28.4 

•95 

42.8 

1.00 

44.8 

1.00 

38.7 

1.01 

44.2 

1.00 

38.4 

1.00 

32.2 

1.00 

50.8 

1.05 

52.5 

1.05 

1*6.2 

1.05 

51.0 

1.05 

44.3 

1.05 

36.3 

1.05 

61. 3 

1.10 

57-9 

1.10 

53-3 

1.10 

57-6 

1.10 

48.5 

l.l4 

41.2 

1.10 

70.3 

1.15 

62.7 

1.15 

59-4 

1-15 

66.1 

1.15 

53-1 

1.20 

44.6 

1.15 

03-7 

1.20 

67.6 

1.20 

64.8 

1.21 

71.1 

1.20 

57-1 

1.25 

46.4 

1.20 

91.1 

1.25 

71.7 

1.26 

73-3 

1.25 

74-5 

1.24 

59-8 

1-30 

49.6 

1.32 

99.2 

1-30 

75-6 

1-30 

76.1 

1.30 

76-9 

1.30 

64.5 

1-34 

53-6 

1-35 

101.8 

1-35 

80.1 

1-35 

80.6 

1.4o 

57-6 

i.4o 

106.3 

1.4o 

84.5 

1.4o 

90.1 

1-50 

60.7 

1.45 

109-8 

1.1*5 

88.8 

1-45 

95-2 

1.60 

63-2 

I.50 

113-7 

1.50 

92.5 

1-50 

99-7 

1.70 

66.8 

1.60 

120.7 

1.60 

101.0 

1.60 

106.8 

I.80 

71-6 

1.70 

126.5 

1.72 

109.6 

1.70 

113-1 

1-93 

76.1 

I.80 

131.5 

1.80 

114.2 

1.80 

119-6 

1.90 

137.1 

I.90 

119.4 

1.91 

126.5 

2.00 

141.6 

2.04 

133-8 

2.10 

145.1 

2.10 

136.4 

2.21 

148.8 

2.20 

l4o.4 

2-30 

151.8 

2.30 

145.0 

2.42 

155.9 

2.42 

149-3 

2.54' 

158.6 

2.50 

152.6 

TABLE  25  THROUGH-CRACK  LENGTH  VS  NUMBER  OF 

(F,  220  KSl)  AT  22.5  KS! 

tu 


MOIST  AIR  ENVIRONMENT  j 

SPECIMEN  NO. 

X- 14241 -2 5 

SPECIMEN  NO. 

X-14211-27 

SPECIMEN  NO. 
X-H211-26 

CRACK 

LENGTH 

(IN.) 

NO.  OP 
CyCLES 

(10'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do-3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do"3) 

•  75 

0 

•75 

0 

•75 

0 

.60 

7.8 

.80 

7.3 

.80 

1+.2 

•  85 

15-3 

.85 

15.6 

.85 

10-0 

•  90 

21.2 

-90 

23.0 

•  90 

15.3 

■95 

28-7 

•95 

29.8 

•95 

20.3 

1.00 

36.2 

1.00 

39-0 

1.00 

31-5 

1.05 

13. 1 

1.05 

11.9 

1.05 

37-7 

1.10 

16.2 

1.10 

4<?.8 

1.10 

1*2.5 

1.15 

54.4 

1.15 

55-8 

1-15 

1+7.5 

1.20 

62.0 

1.20 

62.7 

1.20 

52.7 

1.25 

69.2 

1.25 

67.1 

1.25 

57.8 

1-32 

72.6 

1-35 

75-0 

1.30 

62.6 

1.40 

80.0 

1.36 

67-6 

i.to 

70-5 

1.1+5 

71+. 1+ 

1.50 

77.8 

1.60 

8I+.3 

1.70 

91.3 

1.80 

95-5 

1.90 

98.9 

2.00 

103.1+ 

2.10 

108.1 

2.20 

111.5 

2.30 

111*.  3 

2.1+0 

117.5 

2-50 

120.0 

FATIGUE  CYCLES  FOR  3/8"  THICK  300  M  STEEL 
:  MAX.  STRESS  AND  R  OF  +0.5 


SALT  WATER  SPRAY  ENVIRONMENT 


SPECIMEN  NO. 
X-ll+241-28 

SPECIMEN  NO. 
X-14241-29 

SPECIMEN  NO. 
X-14241-30 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

(10'3) 

CRACK 

LENGTH 

(IK.) 

NO.  OF 
CYCLES 

do'3) 

CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 

do'3) 

•75 

0 

.75 

0 

.75 

0 

.80 

4.7 

.so 

15.2 

.80 

10.1 

•85 

16.8 

.85 

28.0 

.85 

16.2 

-90 

24.7 

.90 

37-8 

■90 

19-9 

•95 

30.9 

■95 

1+I+.7 

.95 

23-5 

1.00 

35-9 

.99 

49.8 

1.00 

33-7 

1.05 

43-3 

1.05 

60.0 

1.05 

41.2 

1.10 

48.8 

1.10 

65.1 

1.10 

49.6 

1.15 

54-5 

1.15 

70.2 

1.15 

55-5 

1.20 

59-0 

1.20 

75-5 

1.20 

60.1 

1.25 

63.7 

1.25 

79-3 

1.25 

64.2 

1.30 

67-2 

1.30 

84.7 

1.30 

68.8 

1.35 

87-8 

1.35 

72.9 

i.4o 

89.9 

1.40 

77-6 

1.45 

93-8 

1.45 

80.8 

1.50 

96.4 

I.50 

82.3 

1.60 

105.1 

1.60 

88.3 

1.70 

108.5 

1.70 

97-6 

1.80 

112.1 

1.80 

100.9 

1-90 

115.4 

1.90 

103-1 

2.00 

107.1 

2.10 

110.2 

2.20 

n4.1 

2.30 

116-7 

2.4o 

121.0 

2.50 

123.3 

FRACTURE  TOUGHNESS  TESTS 


Fracture  toughness  tests  were  conducted  for  the  l/8,  3/8,  and  3/4  inch 
thick  surface-crack  specimens  and  the  l/8  and  3/8  inch  thick  through-crack 
specimens  after  they  were  cyclic  crack  propagation  tested.  The  specimens 
were  statically  loaded  to  failure  with  universal  hydraulic  test  machines  at 
a  load-rate  equivalent  to  an  elastic  stress-rate  of  100  KSI  per  minute. 

Autographic  load-extension  curves  were  obtained  for  each  specimen  using 
Class  B-2  extensometer  or  deflectometer  set-ups.  A  modified  extensometer 
set-up  using  extension  rods  and  a  microformer  was  attached  to  the  center  of 
the  test  section  l/4  inch  above  and  below  the  crack  in  the  l/8  inch  thick 
surface-crack  and  through-crack  specimens.  With  this  set-up  linear  load- 
extension  curves  to  complete  failure  were  obtained  with  no  indication  of 
crack  "pop-in"  or  slow  growth  behavior.  However,  when  the  specimens  failed 
with  the  extensometer  attached,  the  microformer  became  damaged  as  a  result 
of  the  sudden  impact  on  the  microformer  plunger.  The  extensometers  had  to 
be  repaired  and  re-calibrated  after  one  or  two  tests.  Several  specimens 
were  tested  in  this  manner  to  confirm  that  no  deviation  from  linearity 
occurred  in  the  load-extension  curves.  To  avoid  additional  microformer  dam¬ 
age,  a  Class  B-2  deflectometer  set-up  was  used  on  l/8  inch  surface-crack 
and  through-crack  specimens  to  measure  load-head  travel.  A  linear  load- 
head  travel  curve  to  complete  failure  also  occurred  with  this  set-up.  A 
comparison  of  the  load-extension  curves  obtained  for  l/8  inch  through-crack 
specimens  with  the  extensometer  set-up  attached  to  the  specimen  and  with  the 
deflectometer  set-up  attached  to  the  test  machine  movable  head  is  presented 
in  Figure  44  .  The  characteristics  of  the  two  curves  were  similar  except 
for  the  extension  scale.  As  a  result,  the  deflectometer  set-up  was  used  to 
measure  and  record  head  travel  for  the  remainder  of  the  specimens.  Since 
crack  "pop-in"  or  evidence  of  slow  crack  growth  was  not  observed  with  the 
l/8  inch  thick  specimens,  it  was  not  expected  that  they  would  occur  with 
the  3/8  and  3/^  inch  thick  specimens.  To  verify  this,  one  3/8  inch  through- 
crack  specimen  was  tested  with  the  extensometer  set-up  attached  to  the 
specimen.  A  linear  load-extension  curve  to  failure  was  obtained. 

The  initial  and  final  fatigue  crack  lengths  and  depths  were  measured 
from  the  fractured  surfaces  of  each  specimen. 

The  results  of  the  fracture  toughness  tests  for  l/8,  3/8,  and  3/^  inch 
thick  surface-crack  specimens  are  tabulated  in  Tables  26  through  33 •  Results 
for  l/8  and  3/8  inch  thick  through-crack  specimens  are  tabulated  in  Tables  3^- 
thrcmgh  37° 


81 


Load,  1000  LBS 


Extension,  IN. 


Figure  44  Comparison  of  Typical  Load-Extension  Curves  Obtained  From 
Extensometer  and  lefleetomer  Set-Ups  for  Fracture  Toughnes 
Tests  of  l/8-Inch  Through-Crack  Specimens 


TABLE  26  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300M  STEEL  SURFACE-CRACK  SPECIMENS  (UTS  290  KSl) 


FATIGUE  CRACKING  CONDITIONS 

SPECIMEN 

NUMBER 

SPEC. 

THICK. 

(IN.) 

CRACK 

.LENGTH 

2C 

(IN.) 

CRACK 

DEPTH 

a 

(IN.) 

a 

55“ 

MAX.  GROSS 
STRESS 
(KSI) 

— 

APPARENT 

kt 

Ic 

(KSI  sflN.) 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSI) 

RANGE 

RATIO 

(R) 

CYCLIC 

FREQUENCY 

(CPS) 

Moist  Air 

45 

+0.± 

20 

X-14237-5 

.122 

.380 

.122 

- 

152 

- 

(1) 

-6 

.124 

.285 

.100 

.351 

171 

81.5 

-7 

.123 

.560 

.123 

“ 

113 

111 

(2) 

Salt  Water 

45 

+0.1 

20 

-8 

.125 

.250 

.095 

.380 

175 

79.0 

Spray 

-9 

.122 

.390 

.122 

- 

138 

- 

(1) 

-10 

.118 

.600 

.118 

- 

U3 

115 

(2) 

Moist  Air 

42 

+0.2 

20 

-11 

.123 

.255 

.095 

•  372 

175 

79.8 

-23 

.122 

.360 

.122 

- 

147 

- 

(1) 

-13 

.126 

.570 

.126 

- 

105 

io4 

(2) 

Salt  Water 

42 

+0.2 

20 

-Ik 

.121 

.250 

.090 

.360 

182 

82.0 

Spray 

-15 

.116 

.380 

.116 

- 

145 

- 

(1) 

-16 

.125 

.580 

.125 

“ 

112 

112 

(2) 

Moist  Air 

33 

+0.5 

20 

-17 

.121 

.260 

.100 

.385 

169 

77.6 

-18 

.123 

.380 

.123 

- 

138 

- 

(1) 

-19 

.123 

.570 

.123 

- 

107 

106 

(2) 

Salt  Water 

33 

+0.5 

20 

-20 

.124 

.260 

.090 

.346 

157 

70.9 

Spray 

-21 

.123 

.380 

.123 

- 

131 

- 

(I) 

-24 

.122 

.560 

.122 

- 

104 

102 

(2) 

(l)  Surfaces 

:rack  propagated 

through  the 

thickness 

*e suiting  wi 

th  a  through 

-crack  with 

large  diffe 

fences  in  era 

ck  length 

at  the  two  surfaces.  Since  neither 

surface-crack  nor  through-crack  stress  intensity  equations 

can  adequately  handle 

this  shape  of  crack,  no 

stress  intensity  value 

s  reported. 

(2)  Surface-crack  propagated  through  the 

thickness  resulting  with  a  through-crack  with 

approximately  equal  Oracle  lengths 

at  the  t; 

to  surfaces .  Th 

e  stress  int 

ensity 

values  repo 

rted  were  ca 

lculated  usi 

ng  the  throi 

Ugh-crack  equ 

ation. 

TABLE  27  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300  M  STEEL  SURFACE-CRACK  SPECIMENS  (UTS  290  KSl) 


00 

-p- 


FATIGUE  CRACKING  CONDITIONS 

SPEC. 

THICK. 

(IN.) 

CRACK 

LENGTH 

2C 

(IN.) 

CRACK 

DEPTH 

(IN.) 

a 

2C 

MAX.  GROSS 
STRESS 
(KSI) 

APPARENT 

kt 

Ic 

(KSI  n/IN.  ) 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSI) 

RANGE 

RATIO 

(R) 

erotic 

FREQUENCY 

(CPS) 

SPECIMEN 

NUMBER 

Moist  Air 

45 

+0.1 

20 

X-14238-1 

- 

- 

- 

- 

- 

-  a) 

-2 

.374 

.750 

.290 

.387 

96.9 

75.6 

-3 

.376 

.560 

.220 

.393 

117 

77.2 

Salt  Water 

45 

+0.1 

20 

-4 

-374 

.380 

.160 

.421 

152 

84.4 

Spray 

-5 

.376 

.560 

.220 

.393 

ns 

78.1 

-6 

.375 

.760 

.290 

.382 

88.3 

67.6 

Moist  Air 

42 

+0.2 

20 

-7 

.376 

.380 

.160 

.421 

135 

74.3 

-8 

.378 

.560 

.230 

.411 

112 

74.3 

-9 

-380 

.760 

.300 

.395 

73.3 

56.0 

Salt  Water 

42 

+0.2 

20 

-10 

.374 

.370 

.140 

.379 

160 

86.9 

Spray 

-11 

.375 

.560 

.230 

.411 

109 

72.2 

-12 

-376 

.760 

.300 

.395 

ai.6 

62.7 

Moist  Air  j 

33 

+0.5 

20 

-13 

.372 

.380 

.150 

3.95 

136 

74.3 

-14 

.377 

.220 

.090 

.409 

178 

76.0 

-15 

.374 

.760 

.310 

.408 

77.9 

59-6 

Salt  Water 

33 

+0.5 

20 

-16 

-376 

.365 

.155 

.425 

120 

64.4 

Spray 

-17 

•  371 

.550 

.220 

.400 

100 

65-4 

-18 

.376 

.760 

.290 

.382 

79.1 

60.4 

(l)  Specimen  X 

-14238  was  over! 

.oaded  beyon 

1  yield  due 

to  a  hydraul 

ic  system  ms 

If unction. 

TABLE  28  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300M  STEEL  SURFACE-CRACK  SPECIMENS  (UTS  270  KSl) 


f  FATIGUE  CRACKING  CONDITIONS 

SPECIMEN 

NUMBER 

SPEC. 

THICK. 

(IN.) 

CRACK 

LENGTH 

2C 

(IN.) 

CRACK 

DEPTH 

a 

(IN.) 

a 

2Cf~ 

MAX.  GROSS 

Stress 

(KSI) 

APPARENT 

Kt 

Ic 

(KSI 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSI) 

RANGE 

RATIO 

(R) 

CYCLIC 

FREQUENCY 

(cps) 

Moist  Air 

45 

+0.1 

20 

X'14238-19 

•  373 

.370 

.170 

.459 

57.9 

-20 

•  381 

-550 

.240 

.437 

60.4 

1  -21 

.376 

.760 

.300 

.394 

55.2 

Salt  Water 

45 

+0.1 

20 

-22 

.376 

.380 

•  l60 

.421 

135 

74.3 

Spray 

-23 

.374 

.550 

.220 

.400 

99.8 

65.3 

-24 

■  374 

.770 

.300 

.390 

77.1 

59.4 

Moist  Air 

33 

+0.5 

20 

-25 

.376 

.380 

.160 

.421 

134 

73.8 

-26 

.376 

.560 

.240 

.429 

99.7 

66.2 

-27 

.381 

.750 

.300 

.400 

80.0 

61.2 

Salt  Water 

33 

+0.5 

20 

-28 

•376 

.370 

•l40 

•  379 

145 

78.5 

Spray 

-29 

•  374 

.560 

.250 

.447 

106 

70.4 

-30 

•374 

.760 

.290 

.382 

92.1 

_ 

70.6 

TABLE  29  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300M  STEEL  SURFACE -CRACK  SPECIMENS  (UTS  220  KSl) 


|  FATIGUE  CRACKING  CONDITIONS 

SPECIMEN 

HUMBER 

SPEC. 

THICK. 

(IN.  ) 

CRACK 

LENGTH 

2C 

(IN.) 

CRACK 

DEPTH 

(IN.) 

- - 

a 

2T 

MAX.  GROSS 
STRESS 
(KSI) 

APPARENT 

Kt 

Ic 

(KSI  \frN. ) 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSI) 

RANGE 

RATIO 

(H> 

CYCLIC 

FREQUENCY 

(CPS) 

Moist  Air 

45 

+0.1 

20 

X-14238-31 

•  375 

.380 

.170 

.447 

124 

68.6 

-32 

.376 

.560 

.250 

.447 

90-3 

60.0 

-33 

.376 

.760 

.310 

.408 

73.5 

56.6 

Salt  Water 

45 

+0.1 

20 

-34 

■  379 

.4oo 

.180 

.450 

105 

59-3 

Spray 

-35 

.378 

.560 

.240 

.429 

95.1 

63-1 

-36 

.374 

.800 

.310 

.388 

68.3 

53.5 

Moist  Air 

33 

+0.5 

20 

-37 

•  376 

•  3  90 

.160 

.411 

130 

72.9 

-38 

.376 

.560 

.230 

.411 

105 

69.9 

-39 

.376 

.760 

.310 

.408 

94.4 

72-9 

Salt  Water 

33 

+0.5 

-4o 

•377 

.370 

.160 

■433 

147 

81.4 

Spray 

-kl 

.377 

.560 

.220 

•  393 

115 

76.2 

-h2 

.374 

.760 

.280 

.369 

90.9 

69-3 

TABLE  30  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300  M  STEEL  SURFACE -CRACK  SPECIMENS  (UTS  290  KSl) 


]  FATIGUE  CRACKING  CONDITIONS 

SPECIMEN 

NUMBER 

SPEC. 

THICK. 

(IN.) 

CRACK 

LENGTH 

2C 

(IN.) 

CRACK 

DEPTH 

(IN.) 

a 

Sc“ 

MAX.  GROSS 
STRESS 
(KSI) 

APPARENT 

kt 

Iz 

(KSI  s/IN.  ) 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSI)  . 

RANGE 

RATIO 

00 

CYCLIC 

FREQUENCY 

(CPS) 

Moist  Air 

45 

+0.1 

20 

X-14239-19 

.600 

.280 

.467 

88.8 

60.9 

-20 

.800 

.340 

.425 

78.8 

62.1 

-21 

1.00 

.440 

.440 

67.5 

59.4 

Salt  Water 

45 

+0.1 

20 

-22 

.751 

.600 

.250 

.417 

84.8 

58.0 

Spray 

-23 

.750 

,800 

.350 

.438 

74.6 

58.8 

-24 

.749 

1.00 

.450 

.450 

63*6 

55-9 

Moist  Air 

42 

+0.2 

20 

-25 

.746 

.600 

.260 

.433 

85.4 

58.3 

-26 

.750 

.800 

•  350 

.438 

91.5 

72.1 

-27 

.749 

1.02 

.450 

.441 

63.7 

56.7 

Salt  Water 

42 

+0.2 

20 

-28 

.750 

.600 

.250 

.417 

108 

73.9 

Spray 

-29 

•750 

.850 

.360 

.424 

87.3 

70.8 

-30 

.751 

1.02 

.450 

.441 

66.2 

59-0 

Moist  Air 

33 

+0.5 

20 

-31 

.761 

,600 

.280 

.467 

115 

79-5 

-32 

•751 

.800 

.340 

.425 

94.7 

74.9 

-33 

.752 

1.03 

.430 

.417 

77.8 

69-3 

Salt  Water 

33 

+0.5 

20 

-34 

.749 

.600 

.260 

.434 

115 

79-0 

Spray 

-35 

.745 

.800 

.370 

.463 

87.3 

69.0 

-36 

.749 

1.00 

.460 

.460 

76.3 

67.1 

TABLE  31  FRACTURE  TOUGMESS  TEST  RESULTS  FOR  300  M  STEEL  SURFACE-CRACK  SPECIMENS  (UTS  290  KSI, 


FATIGUE  CRACKING  CONDITIONS 


ENVIRONMENT 


MAX.  GROSS 
STRESS 
(KSI) 


CYCLIC 

FREQUENCY  SPECIMEN 
(CPS)  NUMBER 


MAX.  GROSS  APPARENT 
STRESS  KIa 

(KSI)  (KSI  i/ftf. ) 


Salt  Water 


TABLE  32  FRACTURE  TOUGHNESS  TEST  RESULTS 


FATIGUE  CRACKING  CONDITIONS 

MAX.  GROSS 

RANGE 

CYCLIC 

STRESS 

RATIO 

FREQUENCY 

SPECIMEN 

ENVIRONMENT 

(KSI) 

(R) 

(CPS) 

NUMBER 

Moist  Air  45  +0.1  20  F-7 

F-8 

F-9 


Salt  Water  45  +0.1  20  F-10 

Spray  F-ll 

F-12 


Co 

VO 


VO 

o 


TABLE  34  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300  M  STEEL  THROUGH-CRACK  SPECIMENS  (UTS  290  KSl) 


FATIGUE  CRACKING  CONDITIONS 

SPECIMEN 

NUMBER 

SPEC. 

THICK. 

(IN.) 

CRACK  LENGTH 

_ _ 

MAX.  GROSS 
STRESS 

APPARENT  KIc 
(KSl  n/IN.  ). 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSl) 

RANGE 

RATIO 

(R) 

CYCLIC 

FREQUENCY 

(CPS) 

(ESI) 

rZEH 

Moist  Air 

15 

+0.1 

20 

x-14240-6 

.130 

1.17 

1.16 

98.6 

m  1 

-12 

.119 

1.89 

1.87 

71.1 

-7 

.123 

2.56 

2.49 

63.3 

153 

Salt  Water 

15 

+0.1 

20 

-8 

.129 

1.45 

1.26 

91.5 

146 

140 

Spray 

-11 

.120 

1.95 

1.90 

79-8 

154 

153 

-10 

.130 

2.57 

2.55 

57-4 

139 

138 

(l)  Based  on 

naximum  crack  le 

ngth. 

■ 

ngth. 

_ 1 

TABLE  35  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300  M  STEEL  THROUGH-CRACK  SPECIMENS  (UTS  290  KSl) 


FATIGUE  CRACKING  CONDITIONS 


ENVIRONMENT 


Salt  Water 
Spray 


MAX.  GROSS 
STRESS 

RANGE 

RATIO 

CYCLIC 

FREQUENCY 

SPECIMEN 

SPEC. 

THICK. 

CRACK  LENGTH 
(IN.) 

MAX.  GROSS 
STRESS 

APPARENT  KTrt 

IC 

(ksi  \Tm ) 

(Ksr) 

00 

(CPS) 

NUMBER 

(IN.) 

SIDE  A  j  51'fiE  B 

(KSI) 

— ar  f-  (sj 

15 

+0.1 

20 

X-l424l-l 

•372 

1.30 

.790 

61.2 

91.5' 

81.1 

-2 

•  372 

1.90 

1.90 

46.4 

88.0 

88.0 

-3 

.372 

2.40 

2.15 

38.3 

87.6 

83.7 

15 

+0.1 

20 

-4 

•  370 

1.52 

1.28 

54.2 

89.0 

84.6 

-5 

•  370 

1.93 

1.87 

46.5 

89.3 

88.3 

-6 

-371 

2.50 

2.30 

38.2 

90.2 

87.3 

(1)  Based  on  maximum  crack  length. 

(2)  Based  on  average  crack  length. 


TABLE  36  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300  M  STEEL  THROUGH-CRACK  SPECIMENS  (UTS  270  KSl) 


j  FATIGUE  CRACKING  CONDITIONS 

SPECIMEN 

NUMBER 

SPEC. 

THICK. 

(IN.) 

CRACK  LENGTH 

_ L12J _ 

MAX.  GROSS 
STRESS 

APPARENT  K, 

Ic 

( ksi  -Tin.  ) 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSI) 

RANGE 

RATIO 

<R) 

CYCLIC 

FREQUENCY 

(CPS) 

KiiKifiiMI 

(KSI) 

m 

& - 

Moist  Air 

15 

20 

X-1U2U1-7 

.370 

1.30 

1.18 

52.4 

78.4 

76.3 

-8 

.368 

1.89 

1.53 

44.3 

33-9 

78.3 

-9 

.374 

2.58 

2.50 

32.8 

80.0 

78.8 

Salt  Water 

15 

20 

-10 

.371 

1.55 

1.28 

38.2 

63.4 

60.2 

Spray 

-11 

.371 

2.06 

1.90 

32.4 

65.1 

63.4 

-12 

.376 

2-55 

2.48 

38.2 

68.4 

66.3 

Moist  Air 

11 

+0.5 

20 

-13 

.372 

1.45 

1.30 

41.9 

66.9 

64.9 

22.5 

+0.5 

20 

-14 

.371 

2.50 

2.50 

27.0 

63.8 

63.8 

11 

+0.5 

20 

-15 

.369 

2.10 

2.05 

33-0 

67.3 

66. 9 

Salt  Water 

11 

+0.5 

20 

-16 

.372 

1.03 

■  950 

48.0 

62.8 

61.5 

Spray 

22.5 

+0.5 

20 

-17 

•367 

1.90 

1.60 

34.9 

66.4 

62.6 

11 

+0.5 

20 

-18 

.373 

2.60 

2.50 

27-3 

66.9 

65.7 

(l)  Based  on 

raximum  crack  le 

igth. 

(2)  Based  on 

iverage  crack  lei 

igth. 

TABLE  37  FRACTURE  TOUGHNESS  TEST  RESULTS  FOR  300  M  STEEL  THROUGH-CRACK  SPECIMENS  (UTS  220  KSl) 


|  FATIGUE  CRACKING  CONDITIONS 

SPECIMEN 

NUMBER 

SPEC. 

THICK. 

(IN.) 

MAX.  GROSS 
STRESS 
(KSI) 

apparent  kIc 
(ksi  ■v/Tn.) 

ENVIRONMENT 

MAX.  GROSS 
STRESS 
(KSI) 

RANGE 

RATIO 

(R) 

CYCLIC 

FREQUENCY 

(CPS) 

CRACK 

(IN 

LENGTH 

J _ 

TO 

TO 

Moist  Air 

15 

+0.1 

20 

x-i4a4i-i9 

.374 

1.29 

50.4 

75-7 

75-4 

-20 

.370 

1.60 

36.1 

68.6 

64.8 

-21 

.374 

2.37 

36.1 

85.3 

82.7 

Salt  Water 

15 

+0.1  j 

20 

-22 

.372 

1.45 

1.30 

41.8 

66.6 

64.6 

Spray 

-23 

.373 

2.25 

1.95 

30.9 

66.5 

63.4 

-24 

.373 

2.50 

2.35 

30.8 

72.8 

70.7 

Moist  Air 

22.5 

+0.5 

20 

-25 

.371 

1.35 

1.28 

43.2 

66.1 

65.2 

-26 

.372 

2.50 

2.50 

30.3 

71.5 

71.5 

-27 

.370 

1.90 

1.80 

35-9 

68.1 

66.9 

Salt  Water 

22.5 

+0.5 

20 

-28 

.373 

1.35 

1.30 

41.5 

63.5 

62.8 

Spray 

-29 

.373 

1.90 

1.90 

39-9 

75-7 

75.7 

-30 

.375 

2.50 

2.50 

30.8 

72.7 

72.7 

(1)  Based  on 

maximum  crack  le 

ngth. 

(2)  Based  on 

average  crack  le 

ngth. 

FRACTURE  CHARACTERISTICS 


Photographs  showing  the  fracture  faces  of  l/8  inch  surface-crack  and 
through-crack  specimens  used  in  the  air  environment  selection  tests  are  pre¬ 
sented  in  Figure  45 .  The  pre-cracks  were  propagated  to  specimen  failure  under 
cyclic  loading.  The  amount  of  flat  fracture  was  considerably  less  for  the 
surface-crack  specimens  than  for  the  through-crack  specimens.  In  fact,  much 
cyclic  crack  propagation  occurred  in  a  slant  (shear  mode)  fracture  for  the 
surface-crack  specimens. 

Figure  46  presents  photographs  of  fracture  faces  for  l/8  inch  surface-crack 
specimens  with  pre-crack  cyclic  propagated  to  three  specific  sizes  in  moist 
air  and  salt  water  spray  environments  followed  by  static  loading  to  failure. 

The  smallest  cyclic  propagated  cracks  did  not  penetrate  the  specimen  thickness 
whereas  the  two  larger  cracks  did.  The  crack  shapes  were  similar  for  cracks 
propagated  in  both  moist  air  and  salt  water  spray  environments.  Flat  wing 
tipped  flat  fracture  of  increasing  length  with  increasing  crack  size  is  evi¬ 
dent  followed  by  slant  fracture . 

Fracture  faces  of  statically  failed  3 /8  inch  surface-crack  specimens  with 
pre-cracks  cyclic  propagated  to  three  specific  sizes  in  moist  air  and  salt 
water  spray  environments  are  shown  in  Figures  47  to  49.  With  the  3/8  inch 
thick  specimens,  none  of  the  cyclic  propagated  cracks  penetrate  the  thickness. 
The  semi -elliptic ally  shaped  cracks  propagated  with  a  near  constant  depth  to 
length  ratio  (a/2c)  for  both  environments.  The  static  failure  portion  of  the 
fractures  were  predominantly  flat  fracture  with  a  small  shear  lip  around  the 
specimen  periphery  except  for  fatigue  cracked  surface.  The  static  fracture 
texture  was  very  coarse  and  fibrous  in  appearance  for  the  220  KSI  strength 
specimens  (Figure  49)  as  compared  with  the  fracture  texture  for  the  290  and 
270  KSI  strength  specimens  (Figures  47;  and  48). 

Figures  50  through  52  present  photographs  showing  fracture  faces  of  stati¬ 
cally  failed  3/4  inch  plate  and  forging  surface-crack  specimens  cyclic  tested 
in  moist  air  and  salt  water  spray  environments.  The  fracture  characteristics 
were  similar  to  those  for  the  3/8  inch  surface  crack  specimens. 

Fracture  faces  of  l/8  and  3/8  inch  through-crack  specimens  tested  in  a 
similar  manner  as  the  surface-crack  specimens  are  shown  in  Figures  53  through 
55.  The  fracture  textures,  flat  fracture,  and  shear  fracture  characteristics 
were  similar  to  those  for  surface-cracks.  With  'many  specimens,  the  through- 
cracks  did  not  cyclic  propagate  with  equal  lengths  on  both  sides  of  the  speci¬ 
mens.  There  was  a  tendency  for  through-cracks  to  have  equal  lengths  on  both 
sides  of  the  specimens  as  the  cracks  became  longer.  Some  possible  reasons  for 
uneven  crack  propagation  are  Cl)  initial  propagation  probably  occurred  at  one 
surf ace-pre -crack  intersection  and  did  not  propagate  to  equal  length  for  the 
shorter  cracks  and  (2)  minor  warpage  may  have  occurred  during  the  heat  treat¬ 
ment  quench  which  could  cause  a  small  bending  load  component  in  the  axial  ten¬ 
sion  loaded  test.  Surprisingly,  no  tunneling  effect  was  noted  with  the  cyclic 
propagated  through-cracks  in  either  l/8  and  3/8  inch  thick  specimens.  That  is, 
longer  crack  propagation  in  the  center  of  the  thickness  than  at  the  surfaces. 


95 


FIGURE  46  -  Fracture  Faces  l/8"  300  M  Surface-Crack  Specimens,  F^.u  290  KSI 
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FROM  BOTTOM 

X-14238-3,  -2  (AIR) 

,  -5,  -6  (SALT  SPRAY) 

FROM  BOTTOM 

X-14238-7,  -8,  -9  (AIR) 

-10,  -11,  -12  (SALT  SPRAY) 

FROM  BOTTOM 

X-l4238-l4,  -13,  -15  (AIR) 
-l6,  -17,  -18  (SALT  SPRAY) 

FIGURE  4-7  -  Fracture 

Faces  3/8"  300  M  Surface-Crack  Specimens,  F,  290  KSI 

FROM  BOTTOM  X- 14238-25,  -26,  -27  (AIR)  -28,  -29,  -30  (SALT  SPRAY) 
FIGURE  48  -  Fracture  Faces  3/8"  300  M  Surface-Crack  Specimens,  Ftu  270  KSI 
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FORGING  PLATE 

FROM  BOTTOM  F-l,  -2,  -3  (AIB)  FROM  BOTTOM  X-14239-31,  “32,  -33  (AIR) 

-4,  -5,  -6  (SALT  SPRAY)  -3^,  -35,  "36  (SALT  SPRAY) 


FIGURE  51  -  Fracture  Faces  3/V  300  M  Forging  and  Plate  Surface-Crack  Specimens,  F.  290  KSI 


FROM  BOTTOM  X-l424l-l,  -2,  -3  (AIR)  -4,  -5,  -6 

(SALT  SPRAY) 


FROM  BOTTOM  X-14240-6,  -12,  -7  (AIR)  -8,  -11-,  -10 

(SALT  SPRAY) 


FIGURE  53”  Fracture  Faces  l/8”  and  3/8”  300  M  Through-Crack  Specimens, 
Ft  290  KS I 
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M  Through-Crack  Specimens,  Ftu  220  KSI 
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MICROSTRUCTURES 


Representative  microstructures  are  shown  in  Figures  56  through  60  for 
each  products  heat  chemistry  and  strength  level  of  300  M  steel  used  in 
the  program. 

The  appearance  of  the  tempered  martensite  is  similar  among  all  the 
products.  Some  banding  is  apparant  in  most  of  the  material  but  this  is 
not  considered  unusual  for  the  300  M  composition. 
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FIGURE  56  -  Microstructures  of  300  M  3/8”  Plate  Longitudinal  Cross  Section 

Ht.  3932021  (200X,  -  Etch) 


290  KSI  -  l/8"  Ht.  3932022 


290  KSI  -  3/8"  Ht.  3981507  270  KSI  -  3/8"  Ht.  3961507 
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FIGURE  57  -  Microstructures  of  300M  l/8"  and  3/8"  Plate,  Longitudinal  Cross  Section  (200X  —  Etch) 
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FIGURE  58  -  Microstructures  of  300  M  3/8"  Plate,  Longitudinal  Cross  Section?  Ht.  3922452 
(200X  -  Etch) 
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FIGURE  59  -  Microstructures  of  300M  3/4"  Forgings,  Longitudinal  Cross  Section  Ht.  51782  (200X,  —  Etct 
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FIGURE  60  -  Microstructures  of  300  M  3/4"  Plate,  200X,  -  E  Longitudinal  Cross  Section 


Section  IV 
DATA  ANALYSIS 


GENERAL 

Structural  failures  under  repeated  external  loads  are  generally  thought  of 
as  consisting  of  three  phases: 

1)  The  nucleation  of  microcracks  often  early  in  the  repeated  load  history. 

( In  some  instances  the  nucleation  phase  is  greatly  reduced  or  eliminated 
by  pre-existing  flaws.) 

2)  The  growth  of  a  dominant  crack  towards  a  size  critical  for  catastrophic 
(unstable)  propagation. 

3)  The  catastrophic  propagation  of  the  critical  size  crack  under  some  peak 
load  condition. 

Through  proper  selection  of  materials,  processes,  design  stress  level  and 
details,  the  possibility  of  such  a  failure  during  the  design  life  of  the 
structure  is  made  extremely  remote.  This  design  process  is  usually  approached 
by:  l)  making  the  occurrence  of  a  macro  size  flaw  during  the  design  life 
unlikely  (fatigue  design),  and  2)  when  possible,  ensuring  that  if  for  unfore¬ 
seen  reasons,  a  macro  crack  did  develop,  that  its  propagation  rate  and  size 
will  ensure  detection  prior  to  reaching  critical  size  (fail-safe  design). 

For  very  high  strength  materials,  and  for  such  applications  as  rocket  motor 
casings  where  the  cyclic  stresses  are  high  and  critical  flaw  sizes  are  small, 
design  practice  has  in  some  cases,  been  to  assume  the  pre-existence  of  flaws 
of  some  size  not  detectable  by  inspection  and/or  proof  testing  and  to  base 
the  estimate  of  service  life  on  the  growth  of  these  flaws  to  critical  size. 

The  question  of  whether  to  base  primary  estimates  of  design  life  on  crack 
nucleation  or  crack  growth  depends  to  a  large  extent  on  the  toughness  and 
crack  growth  resistance  of  the  material  and  on  the  expected  loading  and 
environmental  history.  For  most  aircraft  where  long  life  structures  are 
designed  using  relatively  tough  materials,  fatigue  design  (nucleation),  sup¬ 
ported  by  fail-safe  design  (growth  and  fracture)  have  proven  effective. 

Within  the  scope  of  the  test  program,  the  growth  of  dominant  cranks  towards 
critical  size  and  the  residual  strengths  of  cracked  coupons  have  been  deter¬ 
mined  for  300  M  steel.  It  is  the  purpose  of  the  analysis  section  to  analyze 
these  data  and  with  the  aid  of  available  crack  growth  rate  and  fracture 
theory,  systemetize  these  data  into  forms  easily  understood  and  used  by 
designers . 
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FRACTURE  TOUGHNESS  EQUATIONS 


Fracture  toughness  of  high  strength  materials  can  be  expressed  in  terms  of 
a  plane  strain  fracture  toughness  parameter  (!Kjc).  Basic  development  and  dis¬ 
cussions  of  this  parameter  are  given  in  References  1  through  h  . 

While  most  often  derived  from  considerations  of  a  critical  energy  release 
rate  as  the  crack  extends  some  finite  increment,  Kjc  can  also  be  developed 
from  static  considerations  of  crack  tip  stress  using  the  linear  theory  of 
elasticity  (Ref ,  3  )• 

For  test  coupons  containing  part-through  flaws,  or  through  flaws,  having 
the  fracture  substantially  in  the  tensile  mode  (90°  to  the  surface  of  the 
coupon),  the  plane  strain  Kjc  designation  is  normally  used.  For  predomi¬ 
nantly  shear  mode  (45°  to  the  surface  of  the  coupon),  the  plane  stress  desig¬ 
nation  Kc  is  used.  By  these  definitions,  the  test  results  showed  primarily 
plane  strain  fracture  (Kjc). 

Through-Cracks. -For  through -cracks  of  sufficient  width  so  that  boundary 
influences  are  negligible;  the  plane  strain  fracture  toughness  can  be  deter¬ 
mined  from  test  data  using  the  equation: 


K_  =  v  J  tt  a 
Ic 


(1  ) 


For  center  through-cracked  coupons  of  moderate  width,  a  finite  width  cor¬ 
rection  is  required.  General  practice  is  to  use  Westergard's  stress  function 
(Ref.  5  ,  6  )  so  that 


=  *\ 

/va  ^ 

/  w 
/  it  a 

tt  a 

■  tan  — - 

w 

=  <r\ 

j  w  tan 

ira 

w 

(2) 


Recently  an  improved  width  correction  has  been  proposed  of  the  form 
(Ref. 7  ) 


K 


Ic 


(3) 
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For  small  flaws,  it  is  customary  to  adjust  the  l/2  crack  length  by  the 
radius  of  the  plastic  zone  to  account  for  plasticity  effects  so  that  the  "a" 
of  equations  (2  )  and  ( 3  )  is  increased  to  "a  +  rp"  where  rp  is  an  estimate  of 
the  radius  of  plastic  zone  at  the  tip  of  the  crack.  For  plane  strain  condi¬ 
tions  (Ref.  2  )  rp  is  given  by: 


r 

P 


lMr/2"ory 


(  4) 


or  (Ref.  1  )  : 


r 

P 


( 5  ) 


Making  "plastic  zone"  corrections  to  equations  (2  )  and  (3  )  gives: 


a  +  r 

Kx  =  crX/w  tan  - - 

Ic  V  w 


(6  ) 


-  /  +  r  ) 

KIC  =  oVir(a+rp)  -\/sec  - 


(7  ) 


Equation  (  6)  has  been  used  in  reducing  most  of  the  crack  growth  rate  data 
in  this  report  due  to  availability  of  computer  data  reduction  programs. 
Equation  (  7)  is  recommended  for  future  MIL  HDBK-5  presentations  of  data. 

The  differences  between  (6  )  and  (  7)  are  less  than  3 °!o  for  the  bulk  of  the 
data  tested.  At  the  longest  crack  lengths,  the  difference  is  less  than 
5-1/2 i. 

Part-Through  Cracks. -For  part-through  cracks,  the  plane  strain  fracture 
toughness  for  wide  specimens  can  be  computed  using  elastic  solutions  for 
stresses  adjacent  to  a  completely  embedded  elliptical  crack  (Ref.  2  ) 


4> 


K. 


Ic 


2,  .  .  2 
cos  9  +  sm 
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where 


TT 


*-  f 

sin2<j>  +  ( 

a\2  2  . 

— )  cos  <p 
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\ 

c/ 
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In  equation  (8  ),  the  quantity  <£  is  an  elliptical  integral  obtained  during 
the  integration  of  the  incremental  elastic  strain  energy  around  the  periphery 
of  the  assumed  elliptical  crack.  The  term  to  the  fourth  power  determines  the 
variation  of  Kjc  around  the  ellipse.  The  stress  intensity  factor  is  maximum 
at  the  minor  diameter  of  the  ellipse  (<j>  =  90°)  and  minimum  at  the  major  axis 
(4>  =  0°).  Thus  at  the  end  of  the  minor  diameter 


(9  ) 


and  at  the  major  diameter; 


K 


Ic 


(10) 


For  a  surface  crack,  Irwin  (Ref.  2  )  estimated  that  at  the  minor  diameter 
of  a  semi-ellipse  with  a  free  surface  along  the  major  axis,  the  stress 
intensity  factor  would  be  about  1.1  x  Kjc  given  by  equation  (9  )•  Adding  the 
correction  for  plastic  zone  size  (equation  (4  ))  and  the  free  surface  correc¬ 
tion  allows  the  maximum  stress  intensity  which  occurs  at  the  depth  of  the 
surface-crack  to  be  expressed  as 


K. 


l.l(^r(a  +  r  ) 


Ic 
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(11) 
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Substituting  Tp  as  defined  by  equation  (4  )  into  (  ll)  and  combining  terms: 


by  letting 


Q  =  $2  -  0.212 


Klc  =  (13) 


where  Q  is  a  function  of  a,  c,  rp. 

The  front  surface  correction  factor  in  equation  (12)  (i.e.,  l.l)  is  con¬ 
sidered  valid  for  flaws  of  small  a/c  ratio  where  the  boundaries  of  width  and 
thickness  are  still  remote.  The  effect  of  the  front  face  diminishes  as  a/c 
approaches  1.  The  factor  of  1.1  is  kept  constant  in  equation  (12)  on  the 
premise  that  as  a/c  approaches  1,  the  crack  will  normally  have  grown  well 
into  the  thickness  of  typical  geometries  so  that  the  nearness  of  the  back 
face  would  cause  the  correction  to  remain  about  1.1.  These  free  surface 
approximations  of  equation  (13)  are  considered  adequate  for  a/c  <  0.5t. 
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As  an  alternative  to  (13),  Paris  and  Sih  (Ref.  3  )  recommend  an  equation 
that  corrects  for  both  surfaces : 


KIc  VB^ 


where : 

the  front  face  correction 

the  back  face  correction 

33 

The  front-face  correction  Yj*  approaches  1.0  as  a/c  approaches  1,  and  the 
back  face  correction  approaches  1.0  as  a/t  approaches  zero.  The  accuracy  of 
equation  (l4)  is  expected  to  be  within  10  percent  for  a/t  <  .75  (provided 
a/c  >  0.2).  For  greater  flaw  depths,  however,  the  term  Yp  approaches 
infinity,  and  equation  (14)  is  not  recommended.  Equations  (13)  and  (l4)  will 
be  considered  for  determining  plane  strain  fracture  toughness  of  part- through 
flaws  in  this  report. 

The  reasons  for  elaboration  on  the  above  derivations  is  to  emphasize  that 
the  mathematical  model  is  based  on  the  elastic  solution  for  a  fully  embedded 
elliptical  crack  and  that  the  corrections  applied  are  estimates  of  very  com¬ 
plex  effects  of  a  free  surface  and  plasticity.  Kjc  as  computed  by  either 
equations  (6  ),  (13)  or  (l4)  should  be  approximately  the  same  for  a  given 
material.  If  they  are  not,  there  is  reason  to  suspect  that  the  differences 
are  due  to  an  error  in  the  plasticity  corrections  or  the  free  surface 
corrections. 

CRACK  PROPAGATION  EQUATIONS 

The  propagation  of  fatigue  cracks  under  cyclic  loading  has  been  shown  to 
be  amenable  to  stress  intensity  analysis  (Ref.  8  through  13).  This  is  to 
say  that  the  same  relationships  used  for  fracture  toughness  parameters  can 
form  a  basis  for  estimating  crack  growth  under  cyclic  loading.  There  are, 
however,  some  differences  between  static  loading  to  failure  (fracture  tough¬ 
ness)  and  cyclic  loading  (fatigue  crack  growth).  These  are: 

1.  Under  cyclic  conditions  each  cycle  consists  of  a  stress  range  (a-m&x  - 
<%in)  an^  a  peak  stress  The  relationship  between  stress  range 

and  maximum  stress  varies  with  stress  ratio,  <r  minAmax  =  N*  Generally, 
two  stress  quantities  are  needed  for  crack  growth  whereas  one  is 
sufficient  for  fracture  under  monotonic  loading. 


=  1  +  0.12  (1  -  -) 
c 


2t  ,  ira 
—  tan  ■gr 
ma  2t 


116 


2.  Under  cyclic  conditions,  plasticity  aspects  estimated  from  static 
stress  properties  are  generally  not  applicable.  For  instance,  cracks 
will  rotate  from  the  tensile  to  the  shear  mode  of  cracking  (presumably 
plane  strain  to  plane  stress)  at  stress  intensities  considerably  below 
the  like  transition  under  monotonic  loadings. 

3.  Environmental  factors  such  as  corrosive  effects  can  play  a  significant 
part  in  cyclic  crack  propagation.  Under  normal  loading  rates  for  Kic 
determinations  these  factors  are  small,  although  they  are  known  to  be 
important  for  sustained  static  loadings  (delayed  failures). 

The  above  differences  between  fracture  and  crack  propagation  have  resulted 
in  several  equations  being  available  for  comparison  to  the  program  data.  The 
state  of  art  for  crack  growth  analysis  is  not  as  far  advanced  as  that  of 
fracture  analysis  for  high  strength  materials  so  that  some  judicious 
selection  among  available  equations  is  necessary  prior  to  proposing  methods 
of  data  presentation  suitable  for  design  use. 

The  equation  of  Paris  has  perhaps  been  used  more  widely  than  any  other  to 
date : 


d£ 

dN 


(AK.)n 

M 


(15) 


The  Kp  is  used  here  to  denote  subcritical  values  of  crack  tip  stress 
intensity.  These  values  are  computed  by  replacing  Kjc  by  Kj_  in  equations 
13  and  14.  Plasticity  corrections  are  usually  not  made. 

Equation  (15)  fits  data  from  a  single  stress  ratio  (B  =  CminAmax)  reason- 
ably  well  and  when  the  restriction  of  a  log-log  straight  line  data  fit  is 
removed,  can  be  used  for  the  majority  of  data,  but  will  still  show  banding  in 
terms  of  stress  ratio. 


di? 

dN 


f(AK.) 


(16) 


To  correct  for  the  observed  banding,  a  modified  equation  was  proposed 
(Ref.  12)  in  which  the  cracking  rate  is  assumed  to  approach  infinity  as  Kimax 
approaches  the  stress  intensity  level  for  fracture  under  cyclic  loading  KCr- 


d l 

dW 


C(AK.)n 

(1  -~R)KC  -  A  K± 


(IT) 
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Equation  ( 17)  like  equation  ( 15)  is  based  on  the  assumption  that  a  straight 
line  log-log  relationship  exists.  Equation  (17)}  however,  tends  to  eliminate 
the  banding  in  terms  of  stress  ratio  and  shows  considerable  promise  as  a  work¬ 
ing  equation  for  crack  growth  rate  prediction.  For  purposes  of  comparing 
methods,  equation  (17)  can  be  rewritten 


d£ 

dN 


AK. 

_ l 

-  R)K 
'  cr 


(18) 


In  an  extensive  study  of  stress  ratio  influence  on  fatigue  crack  propaga¬ 
tion  in  aluminum  alloys  (Ref.  11)  another  modification  of  equation  (15)  was 
shown  to  approximately  fit  the  test  data. 


d£_ 

dN 


CK?  AK  . 
^max  i 


(19) 


Equation  (19)  indicates  that  the  general  form  of  crack  growth  equation  may  be: 


dE 


C(K, 


imax' 


<AV 


which  may  be  rewritten 


dl 

dN 


All-") 

J-max  i 


(20) 


or  more  generally, 


d£ 

dN 


''(“La* 


(21) 


Equation  (2l)  has  been  shown  to  be  useful  for  computing  the  influence  of 
stress  ratio  for  both  steel  and  aluminum  alloys  (Ref.l4  ). 

Equations  (15),  (l8),  and  (2l)  have  been  selected  for  evaluation  as  to 
their  applicability  to  test  data  generated  during  this  program. 
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DATA  INTERPRETATION  METHODS 


The  crack  growth  data  obtained  during  the  test  program  consists  for  the 
most  part  of  sequential  observations  of  crack  length  and  cumulative  cycles. 

The  crack  front,  however,  moves  forward  in  a  series  of  jumps  so  that  the 
growth  between  two  consecutive  observations  may  not  represent  the  average 
growth  rate.  The  larger  the  increments  of  length  at  which  observations  are 
made,  however,  the  more  "average"  the  computed  rate,  Aj2/aN,  will  be. 

When  plotting  curves  of  length  vs  cycles  small  inconsistencies  in  slope 
(dU/dN)  are  usually  smoothed  out  so  that  the  irregular  growth  rate  is  not 
apparent.  When  plotting  the  derivatives  di/dN  of  the  curve,  as  approximated 
by  Al/AH  computed  directly  from  differences  between  observed  data,  the 
irregular  growth  rate  appears  as  scatter  about  some  mean  rate  for  the  speci¬ 
men.  This  is  illustrated  on  Figure  6l  which  shows  how  typical  scatter  in 
rate  data  for  an  individual  specimens  varies  about  the  mean  rate.  When 
data  for  several  similar  specimens  are  plotted  together,  the  average 
growth  rate  for  individual  specimens  tends  to  correspond  to  the  average 
for  the  group.  The  width  of  the  scatter  band  does  not  represent  the  scatter 
of  mean  rates;  the  latter  is  relatively  small. 

Since  most  crack  growth  prediction  equations  and  theories  involve  rates, 
it  is  expedient  to  convert  the  length  vs  cycles  data  to  rate  data  for  com¬ 
parisons  with  theory.  To  accomplish  this,  incremental  Ai/AI  values  were 
computed  directly  from  the  basic  data.  For  general  data  presentation  Fig¬ 
ures  62  through  83,  crack  length  increments  were  taken  directly  as  those 
recorded  on  laboratory  data  sheets.  These  increments  were  0.02  inch  for 
surface  crack  lengths  below  0.6  inch  and  0.04  inch  above  0.6  inch.  For 
comparisons  between  theory  and  data,  cracking  rates  were  averaged  over  3 
increments  (0.06  inch  and  0.12  inch)  etc.  so  as  to  obtain  more  average  behavior 
for  comparative  purposes  and  to  allow  more  specimens  to  be  shown  on  a  single 
plot.  Log-linear  plots  have  been  selected  as  this  type  of  plot  tends  to 
display  irregularities  in  data  better  than  a  log-log  plot. 

The  quantity  of  the  ordinate  for  part-through  cracks  was  selected  as 
d(2c)/dN  rather  than  da/dN  or  d(a/Q)/dN  for  two  reasons.  First,  from  a 
practical  standpoint  it  is  the  directly  observable  quantity  either  from  a 
test  standpoint  or  from  a  flaw  inspection  standpoint.  Secondly,  as  far  as 
could  be  determined  from  inspection  of  the  cracked  surface  after  specimen 
failure,  the  a/2c  ratio  was  close  enough  to  being  constant  so  as  to  make  it 
practical  to  assume  a  constant  relationship  between  2c,  a,  a/Q,  (Figure  84). 
From  Figure  84,  a  value  of  a/2c  =  0.4l  has  been  selected  for  purposes  of 
comparing  data. 
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Crack  Growth  Rate  -  d2c  ,p.  IN. /CYCLE 
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Figure  6l  Variation  of  Cyclic  Cracking  Rate  About  Some 

Mean  Rate  for  an  Individual  3.00  M  Surface-Crack  Specimen 
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Figure  62  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  l/8  Inch  Ihick  300  M  Steel 
(?£  290  KSl)  Surface-Crack  Specimens  In  Moist  Air  Environment 
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Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  l/8  Inch  Ihick  300  M  Steel 
(F  29O  KSl)  Surface-Crack  Specimens  in  Salt  Water  Spray  Environment 
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Figure  64  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  3/8  Inch.  Thick  300  M  Steel 
(F  290  KSl)  Surface-Crack  Specimens  in  Moist  Air  Environment 
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Figure  65  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  3/8  Inch  Thick  300  M  Steel 
(F^  290  KSl)  Surface-Crack  Specimens  in  Salt  Water  Spray  Environment 
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Figure  66  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  3/8  Inch  Thick  300  M  Steel 
(F  270  KSl)  Surface-Crack  Specimens  in  Moist  Air  Environment 
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Figure  67  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  3/8  Inch  Thick  300  M  Steel 
(Ftu  270  KSl)  Surface-Crack  Specimens  in  Salt  Water  Spray  Environment 
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Figure  68  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  3/8  Inch  Thick  300  M  Steel 
(F  220  KSl)  Surface-Crack  Specimens  in  Moist  Air  Environment 


Figure  69  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for  3/8  Inch  Thick  300  M  Steel 
(F  220  KSl)  Surface-Crack  Specimens  in  Salt  Water  Spray  Environment 
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Figure  70  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 

3/4"  Thick  300  M  Steel  Plate  and  Forging  (F-fcU  29O  KSl) 
Surface-Crack  Specimens  in  Moist  Air  Environment. 
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Figure  71  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 

3/4"  Thick  300  M  Steel  Plate  and  Forging  (F  290  KSl) 
Surface-Crack  Specimens  in  Salt  Water  Spray  environment. 
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Figure  73  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3 A”  Thick  300  M  Steel  Forging  (F  270  KSl) 
Surface-Crack  Specimens  in  Salt  Wafer  Spray  Environment. 
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Figure  7^ 


Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/V'  Thick  300  M  Steel  Forging  (F  220  KSI) 
Surface-Crack  Specimens  in  Moist  Air  Environment. 
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Figure  75  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/V  Thick  300  M  Steel  Forging  (F  220  KSl) 
Surface-Crack  Specimens  in  Salt  Wafer  Spray  Environment 
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Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
l/8"  Thick  300  M  Steel  (F  290  ESI)  Through-Crack 
Specimens  in  Moist  Air  Environment. 


Figure  7 6 


Figure  77  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
.  l/8"  Thick  300  M  Steel  (Ftu  290  KSl)  Through-Crack 

Specimens  in  Salt  Water  Spray  Environment. 


Figure  78  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/8"  Thick  300  M  Steel  (F^u  290  KSl)  Through-Crack 
Specimens  in  Moist  Air  Environment. 
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Figure  79  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/8"  Thick  300  M  Steel  (F-tu  290  KSl)  Through-Crack 
Specimens  in  Salt  Water  Spray  Environment. 
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Figure  80  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/8”  Thick  300  M  Steel  (Ftu  270  KSl)  Through-Crack 
Specimens  in  Moist  Air  Environment. 
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Figure  8l  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/8”  Thick  300  M  Steel  (Ftu  270  KSl)  Through-Crack 
Specimens  in  Salt  Water  Spray  Environment. 
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Figure  82  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/8”  Thick  300  M  Steel  (Ftu  220  KSl)  Through-Crack 
Specimens  in  Moist  Air  Environment. 
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Figure  83  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  For 
3/8"  Thick  300  M  Steel  (?tu  220  KSl)  Through-Crack 
Specimens  in  Salt  Water  Spray  Environment 


EVALUATION  OF  CRACK  GROWTH  RATE  EQUATIONS 


For  the  purpose  of  preliminary  presentation  of  program  results, 
equation  (15)  has  been  selected  on  the  basis  of  its  being  the  most  widely 
used  of  available  rate  relationships,  see  Figures  62  through  83 •  These 
plots  adequately  display  properties  of  the  data  such  as  scatter  in  cracking 
rates,  stress  ratio  and  environmental  influences,  differences  due  to  thick¬ 
ness,  strength  level,  part-through  versus  through  flaws,  etc.  These  data 
plots  also  provide  a  basis  for  evaluating  possible  improvements  gained  by 
using  equations  18  or  21  as  these  later  equations  are  modifications  of 
equation  16. 

For  the  purpose  of  evaluating  equations  18  and  21,  through- crack  data 
at  270  KSI  strength  level,  t  =  3/8"  has  been  selected.  These  data  provide 
the  highest  values  of  for  the  test  program  as  well  as  the  greatest 

overlap  of  cracking  rates Tor  the  extremes  of  stress  ratio,  R  =  0.1  and 
R  =  0.5.  From  a.  comparison  of  Figures  85  and  86  both  equations  18  and  21 
provide  a  means  for  reducing  data  from  cracks  grown  at  different  stress 
ratios . 

Equation  21  has  been  selected  for  use  in  evaluating  cracking  rate  trends 
among  the  test  data  thus  eliminating  stress  ratio  as  an  independent  variable. 
The  influence  of  K^c  on  cracking  rate  is  considered  separately  in  another 
section. 
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Figure  86 


Relationship  Between  Cyclic  Cracking  Rate  (^~)  and  Effective 
Stress  Intensity  Range  Parameter  (aK  ). 


CRACK  PROPAGATION  CORRELATIONS 


Crack  growth  rate  behaviors  for  all  specimens  are  shown  on  Figures  62  to 
83  using  AK-j_  as  abscissa  and  d(2c)/dN  as  ordinate.  'To  better  illustrate 
trends  among  data,  additional  figures  are  shown  in  this  section  using  selec¬ 
tive  groupings  of  data  and  eliminating  stress  ratio  as  a  variable  by  using 
AK  (equation  2l)  as  abscissa.  The  ordinate  rates  are  based  on  average  rates 
over  three  successive  observations  in  order  to  reduce  data  scatter  and  to 
allow  more  coupons  to  be  represented  on  a  single  figure  without  confusion. 


In  developing  the  data  correlations,  the  3/8  inch  thick  coupons  are  con¬ 
sidered  first  as  they  represent  the  bulk  of  test  data.  Cracking  behavior  of 
3/4"  thick  and  1/8"  thick  specimens  are  then  compared  to  that  of  the  3/8" 
material. 

Crack  propagation  behaviors  in  terms  of  d(2c/d;N  and  AK  for  3/8  inch  thick 
surface  cracked  specimens  are  shown  on  Figures  87  and  88.  To  aid  in  the 
comparisons,  a  trend  curve  approximating  average  behavior  is  drawn  through 
the  scatter  band  of  data  for  crack  propagation  in  air  (Figure  87).  This 
same  curve  is  repeated  on  Figure  88.  From  Figures  87  and  88,  the  average 
behavior  in  salt  water  does  not  appear  to  be  significantly  different  from 
that  in  air.  The  scatter  band  of  cracking  rates  in  salt  water  is  however 
greater  than  that  for  air  cracking.  While  it  is  not  too  obvious  from  the 
figures,  this  increase  in  scatter  is  primarily  due  to  an  increase  in  scatter 
between  crack  growth  rate  behavior  in  individual  specimens.  The  scatter  due 
to  differences  between  sequential  rate  observations  on  an  individual  specimen 
is  about  the  same  for  both  air  and  salt  water  cracking. 

On  both  Figures  87  and  88,  the  220  KSI  strength  level  data  is  at  the  top 
of  the  scatter  band  at  higher  stress  intensities  (fiK)  (above  the  knee  of  the 
trend  curve).  At  the  lower  stress  intensities  (&0,  the  cracking  rate 
behavior  of  the  220  KSI  strength  level  is  indistinguishable  from  that  of  the 
270  KSI  and  290  KSI  strength  level.  The  270  KSI  and  290  KSI  strength  .level 
data  show  the  same  cracking  rates  for  the  entire  range  of  stress  intensities 
(Based  on  measured  static  ultimate  strengths,  the  270  KSI  and  290  KSI 
nominal  strength  level  data  should  probably  be  considered  here  as  a  single 
strength  level  see  section  III). 

Figure  89  and  90  show  crack  growth  rates  for  through  the  thickness  cracks 
in  air  and  in  salt  water  for  3/8"  thick  material  in  a  manner  similar  to  that 
used  for  surface -cracks  (Figures  87,  88).  It  is  obvious  that  the  computed 
stress  intensities  for  a  given  cracking  rate  d(2c)/dN  are  greater  for  through- 
cracks  than  for  surface-cracks.  However,  the  behavior  trends  discussed  above 
for  surface -cracks  appear  to  apply  equally  well  to  through  the  thickness 
cracks . 

The  cracking  rates  for  the  220  KSI  strength  level  data  for  both  surface  and 
through-cracks  in  3/8"  thick  material  are  shown  on  Figure  91*  Trend  curves 
are  shown  for  comparison.  It  is  probable  that  the  cracking  rate  increase  as 
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shown  by  the  rate  data  above  the  trend  curves  at  higher  values  of  A  Kj is 
associated  with  the  decrease  in  strength  level  and  Kpc.  However,  the  particu¬ 
lar  specimens  demonstrating  this  increased  cracking  rate  behavior  are  also 
from  the  heat  of  material  having  the  highest  carbon  content.  Specimens  at 
270  KSI  strength  level,  also  from  this  higher  carbon  heat  of  material  do  not 
however  show  a  corresponding  increase  in  cracking  rate. 

In  addition  to  the  220  KSI  strength  level  data,  cracking  data  from  a  single 
stress  ratio  R  =  0.5  specimen  is  shown  to  crack  at  an  excessive  rate,  while 
companion  R  =  0.5  specimens  fall  well  within  the  scatter  band'of  data  for  the 
same  cracking  rates.  A  few  other  isolated  specimens  also  show  differences  from 
their  companion  specimens  Figures  (92)  through  (97).  The  reasons  for  these 
increased  cracking  rates  for  individual  specimens  are  not  entirely  clear.  In 
some  cases,  observations  were  made  which  might  explain  these  differences  in 
behavior . 

For  example,  3/4  inch  plate  surface -crack  specimen  X-14239-31  was  subjected 
to  a  momentary  excessive  cyclic  rate  because  the  resonant  fatigue  machine 
approached  its  natural  resonant  frequency.  This  condition  was  immediately 
eliminated  by  adding  additional  .mass  to  the  system  which  lowered  the  natural 
resonant  frequency  well  he low  the  normal  operating  frequency  used  in  the  test 
program.  Also,  testing  of  some  of  the  3/8  inch  thick  specimens  was  tempo¬ 
rarily  interrupted  for  minor  repairs  of  the  hydraulic  loading  system.  This 
type  of  interruption  occurred  for  specimens  which  exhibited  normal  cracking 
behavior  as  well  as  a  few  which  exhibited  somewhat  faster  cracking  rates  than 
companion  specimens  tested  under  nearly  identical  conditions,  nevertheless, 
the  interruptions  may  have  affected  cracking  rate  in  some  manner. 


Figures  92  and  93  show  data  for  surface -cracks  in  air  and  in  salt  water 
for  3/^  inch  thick  plate  and  forging.  The  trend  curve  for  3/8  inch  surface- 
cracks  behavior  is  repeated  for  use  in  comparison.  The  cracking  rates  in 
3/4  inch  thick  material  are  generally  slower  than  in  3/8  inch  thick  material 
for  both  air  and  salt  water.  Other  than  this,  the  data  trends  are  similar 
to  those  of  the  3/8  inch  thick  material.  The  220  KSI  strength  level  forging 
data  and  a  single  R  =  0.5  specimen  show  higher  cracking  rates  than  the  rest 
of  the  specimens.  The  cracking  rates  for  plate  and  forgings  are  approximately 
the  same.  No  significant  trend  of  cracking  rate  with  carbon  content  can  he 
seen.  All  of  the  forging  material  and  portions  of  the  plate  data  are  from 
heats  having  relatively  high  carbon  content  (Section  III).  The  increase 
in  scatter  with  salt  water  cracking  that  was  seen  in  the  3/8”  thick  material 
is  not  as  apparent  in  the  3/V  thick  material. 


Figures  94  and  95  show  data  for  surface  cracking  in  air  and  salt  water 
for  l/8  inch  thick  material.  Because  of  the  thickness  limitation,  most  of 
the  cracks  started  as  surface -cracks  propagated  through  the  thickness  and 
are  reported  along  with  the  cracks  initiated  as  through  the  thickness  cracks 
on  Figures  96  and  97. 


When  compared  to  the  3/8"  surface-crack  trend  curve,  the 
cracks  appear  to  exhibit  slightly  faster  cracking  than  that 


l/8  inch  surface - 
of  the  3/8  inch 
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thickness.  Taken  in  context  with  the  3/8  and  3/4  inch  crack  growth  rate 
hehaviors,  computed,  value  of  Ah,  a  general  decrease  in  cracking  rate  with 
increasing  thickness  is  proba  le. 

Figures  98  and  97  show  data  for  through  the  thickness  crackin^  in  air  and 
in  salt  water  for  l/8  inch  thick  material.  Those  cracks  initiated  as  through- 
cracks  show  cracking  behavior  similar  to  that  of  through- cracks  in  3/8  inch 
material.  The  cracks  initiated  as  surface -cracks  which  have  grown  through  the 
thickness  are  also  shown.  These  data  were  plotted  as  through-cracks  on  this 
figure  when  2  c  x  0.4  »  a  =  t.  Back  surface  cracking  was  not  .measured  due  to  its 
inaccessibility  in  the  test  fixture.  Stress  intensities  AIT  were  computed  using 
the  surface  crack  measurements  on  the  side  from  which  the  crack  was  initiated 
as  shown  below.  Computed  in  this  manner,  the  stress  intensities  at  a  given 
cracking  rate  appear  to  be  higher  than  those  for  through-cracks  in  which  the 
crack  length  can  be  assumed  nearly  equal  on  both  surfaces.  If  the  average 
of  both  surface  measurements  had  been  used  these  cracks  growing  through  the 
thickness  would  probably  plot  within  the  scatter  of  the  crack  .measurements 
taken  on  initially  through  the  thickness  cracks.  For  instance;  had  a  surface 
flaw  reached  the  rear  surface  at  25  KSI  its  average  crack  length  would  be 
approximately  1/2  the  recorded  surface-crack  measurement  2c  and  the  computed 
stress  intensity  would  be  less  by  a  factor  of  J  2  giving  .an  adjusted  stress 
intensity  of  25/ v/2_=  17.7  KSI  J  iwT  This  later  value  of  17.7  KSI  \/llT. 
would  be  in  the  low  stress  intensity  range  of  the  initially  through-cracked 
data.  The  real  correction  is  probably  somewhat  less  than  s[2.  This  approach 
of  using  the  average  crack  length  of  both  surfaces  is  further  supported  by 
the  convergence  of  data  from  the  two  types  of  starter  cracks  at  larger  stress 
intensities  (longer  surface  crack  lengths). 

The  differences  between AK  versus  d(2c)/dN  plots  of  surface  flaw  data  and 
through  the  thickness  data  requires  consideration.  The  first  and  most  obvious 
source  of  inconsistency  (at  least  mathematically)  is  that  the  quantity  da/dN 
or  d(a/Q)/dN  are  more  closely  associated  with  the  stress  intensity  calcula¬ 
tions  used  as  the  abscissa  for  surface  flaw  data.  The  stress  intensity  for 
surface  flaws  is  presumably  that  at  the  extreme  depth  of  the  crack  (at  the 
end  of  the  minor  radius  a)  where  the  stress  intensity  is  normally  assumed  to 
be  a  maximum.  A  check  on  the  affect  of  plotting  surface  flaw  data  in  terms 
of  da/dM  or  d(a/Q,)/dN  where  a/2c  is  approximately  0.4  and  Q,  is  approximately 
two  shows  that 

da/ dU  *  0.4  x  d(2c)/dN 
d(a/Q)/dN  ~  0.2  x  d2c/dN 

As  illustrated  on  Figure  98,  showing  data  for  the  3/8  inch  thickness,  the 
difference  in  cracking  rate  is  approximately  a  factor  of  l/lO  so  that  some 
additional  correction  would  still  be  necessary,  this  most  likely  should  be 
added  to  the  free  surface  corrections  of  the  surface  flaw  stress  intensity 


The  characteristic  shapes  of  the  trend  curves  for  surface  and  though  the 
thickness  cracks  are  very  similar.  Therefore,  with  additional  refinements  to 
the  stress  intensity  relationships,  the  collapse  of  surface  and  through  the 
thickness  flaw  growth  data  is  probable . 

The  relationship  shown  on  Figure  98  between  d2c/dN  and  &K  for  surface  and 
through-cracks,  is  approximately  that  given  by  parallel  straight  lines  on  a 
log-log  plot  of  AT?  versus  d(2c)/dW  (Figure  99)  where  the  slope  is  shown  to 
be  approximately  1/5-  Had  either  a  or  (a/Q)  been  selected  rather  than  2c  in 
computing  cracking  rates,  the  result  would  have  been  non-parallel  straight 
lines  on  Figure  99-  Log-log  plots  will  be  discussed  further  in  Section  5- 
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Typical  geometry  of  crack  grown  through  the  thickness  from  a  surface 
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Crack  Growth  Rate  -  d2c  IN, /CYCLE 


Effective  Stress  Intensity  Range- A  K,  KSI'VTN. 

Figure  87  Cyclic  Cracking  Rate  Vs  Effective  Stress  Intensity  Range 
for  3/8"  Thick  300  M  Steel  (Ftu  290,  270,  220  KSl) 
Surface-Crack  Specimens  in  Moist  Air  Environment. 
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Figure  88  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 
for  3/8"  Thick  300  M  Steel  (F-fcu  290,  ZJO,  220  KSI) 
Surface-Crack  Specimens  in  Salt  Water  Spray  Environment. 
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Figure  89  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 
for  3/8"  Thick  300  M  Steel  (Ftu  290,  270,  220  KSI) 
Through-Crack  Specimens  in  Moist  Air  Environments. 
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Figure  90  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 
for  3/8"  Thick  300  M  Steel  (Ftu  290,  270,  220  KSl) 
Through-Crack  Specimens  in  Salt  Water  Spray  Environment* 


Figure  91  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 
for  3/8"  Thick  300  M  Steel  (Ftu  220  KSI)  Surface-Crack 
and  Through  Crack  Specimens  in  Moist  Air  Environment. 
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Figure  92  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 

for  3 A"  Thick  300  M  Steel  Plate  (F^u  290  KSl)  and  Forging 
(F^u  290,  270,  220  KSl)  Surface-Crack  Specimens  in  Moist 
Air  Environment. 
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Figure  93  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 

for  3/4"  Thick  300  M  Steel  Plate  ( F^-u  290  KSl)  and  Forging 
(Ftu  290,  270,  220  KSl)  Surface-Crack  Specimens  in  Salt 
Water  Spray  Environment. 


Figure  94  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 
for  1/8"  Thick  300  M  Steel  (F-^u  290  KSl)  Surface-Crack 
Specimens  in  Moist  Air  Environments. 
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Cyclic  Cracking  Ra 
for  1/8"  Thick  300  1*1 

Specimens  in  Salt  Water  Spray. 


vs  Effective  Stress 
Steel  ( Ftu  290  KSI) 


Intensity  Range 
Surface -Crack 
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Figure  96  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 
for  1/8"  Thick  300  M  Steel  (Ftu  290  KSI)  Through  Crack 
Specimens  in  Moist  Air  Environment. 
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Figure  97  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity  Range 
for  1/8”  Thick  300  M  Steel  (Ftu  290  KSl)  Through-Crack 
Specimens  in  Salt  Water  Spray  Environment. 
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Figure  99 


Relationship  Between  and  &K  for 
Surface-Crack  and  Through-Crack  Specimens. 


FRACTURE  TOUGHNESS  CORRELATIONS 


The  basic  fracture  toughness  test  results  for  surface-crack  anti  through- 
crack  specimens  tested  in  this  program  are  tabulated  in  Tables  26  through  37 
in  Section  III.  Apparent  critical  stress  intensity  values  (Kjc)  were  calcu¬ 
lated  using  Equation  (13) >  Tor  the  surface-crack  specimens  and  Equation  (7), 
for  the  through-crack  specimens. 

Primary  correlations  of  apparent  Kqc  with  product,  heat  treatment,  and 
test  variables  are  made  for  test  results  from  the  3/8  inch  thick  surface- 
crack  and  through-crack  specimens.  These  specimen  tests  include  all  variable 
combinations.  Specific  correlations  made  from  test  results  on  the  l/3  and 
3/4  inch  thick  specimens  are  compared  with  those  of  the  3/8  inch  specimens. 

By  plotting  gross  fracture  strength  against  crack  size  (a/Q)  for  3/8  inch 
surface-crack  specimen  tests  (Figure  100),  it  is  apparent  that  gross  fracture 
strength  varies  considerably  from  one  heat  of  material  to  another.  The  amount 
of  scatter  due  to  heat  variation  appears  significantly  greater  than  that  due 
to  other  variables.  This  makes  it  more  difficult  to  evaluate  other  variables 
with  respect  to  fracture  toughness  properties.  Correlations  of  Kjc  with 
strength  level  and  test  variables  must  be  evaluated  within  a  single  heat  of 
material.  Using  this  approach,  the  effect  of  strength  level  can  be  obtained 
from  Figure  100.  For  HT  3932021,  the  290  KSI  strength  level  exhibited  higher 
residual  strength  than  the  220  KSI  material  for  a/Q  values  higher  than  .12. 

For  HT  3922452,  the  270  KSI  strength  level  material  has  higher  residual 
strength  than  the  220  KSI  strength  level,  etc.  The  data  indicate  that  residual 
strength  (A  measure  of  toughness)  tends  to  increase  with  ultimate  strength. 

This  trend  is  even  more  evident  from  a  similar  plot  for  3/8  inch  through- 
crack  specimens  (Figure  101).  For  HT  3932021,  the  290  KSI  strength  level 
material  had  the  highest  residual  strength  followed  by  the  270  KSI  material 
with  the  220  KSI  strength  material  the  lowest.  Figure  102  shows  the  same 
relationship  between  residual  strength  and  strength  level  for  3/4  inch  surface- 
crack  specimens  from  forged  material.  The  consistency  of  higher  residual 
strengths  with  higher  strength  levels  indicates  a  real  effect  in  300  M  steel 
for  the  strength  ranges  investigated.  This  behavior  is  opposite  from  the 
usual  behavior  wherein  residual  strength  is  inversely  proportional  to  ultimate 
strength  level.  Figures  103  and  104  present  plots  of  gross  fracture  strength 
vs  surface-crack  size  (a/Q)  for  3/4  inch  plate  specimens  and  fracture  strength 
vs  through-crack  length  for  l/8  inch  sheet  specimens.  These  specimens  are  all 
at  290  KSI  strength  level  for  these  two  products.  Figure  103  again  illustrates 
the  variation  in  results  with  different  heats  of  3/4  inch  plate. 

Figure  105  presents  a  plot  of  fracture  strength  vs  crack  length  for  both 
surface-crack  and  through-crack  specimens  for  3/8  inch  specimens  at  290,  270, 
and  220  KSI  strength  levels  and  1/8  inch  specimens  at  290  KSI  strength  levels. 
It  is  interesting  to  note  that  a  continuous  smooth  scatter  band  can  encompass 
both  the  surface-crack  and  through-crack  data  using,  crack  length  as  the  crack 
size  parameter. 


Normally,  the  crack  size  a/Q,  where  a  is  crack  depth  and  Q  is  crack  shape 
parameter,  is  used  for  evaluating,  surface  type  flaws  in  high  strength  metals. 

For  practical  service  considerations,  it  is  difficult  and  in  most  cases  impos¬ 
sible  to  determine  crack  depth  and  shape  nonrdestructively  by  in  service 
inspection  techniques.  The  only  measurable  crack  dimension  in  service  inspec¬ 
tion  is  usually  crack  length.  By  rationalizing  that  preexisting  surface  type 
flaws  in  aircraft  components  will  tend  to  propagate  in  service  to  a  fairly 
constant  surface-crack  shape  with  a  crack  depth  to  crack  length  ratio  (a/2c) 
of  approximately  .4  to  .5,  then  the  a/Q,  crack  size  would  be  nearly  proportional 
to  crack  length  (2c).  This  would  permit  predictions  of  fracture  toughness 
behavior  from  crack  length  measurements  obtained  from  service  inspections. 

For  aircraft  components  that  are  essentially  in  axial  tension,  this  rational¬ 
ization  has  merit  but,  if  bending  type  loading  is  experienced,  the  propagating 
surface-crack  would  tend  to  have  a  smaller  and  constantly  changing  a/2c  ratio 
which  would  invalidate  any  proportionality  of  a./Q  with  crack  length. 

The  effect  of  specimen  thickness  on  apparent  Kpc  for  both  surface-crack  and 
through-crack  specimens  at  290  KSI  strength  level  is  shown  in  Figure  106.  A 
constant  band  or  Kpc  values  was  obtained  for  l/8,  3/8,  and  3/4  inch  thick 
surface-crack  specimens  from  similar  heats  of  material.  For  through-crack 
specimens,  the  apparent  Kjc  values  for  l/8  inch  specimens  were  considerably 
higher  than  for  surface-crack  specimens,  but  at  3/8  inch  thickness  the  through- 
crack  Kjc  values  approached  the  scatter  band  for  surface-crack  specimens. 

Three  different  crack  sizes  were  evaluated  for  each  test  condition  result¬ 
ing  in  different  crack  depth  to  specimen  thickness  ratios  (a/t)  for  the 
surface-crack  specimens.  Two  of  the  three  crack  sizes  exceed  an  a/t  ratio  of 
0.5  which  is  an  arbitrarily  recommended  limit  for  fracture  mechanics  consider¬ 
ations  due  to  elastic  equation  restrictions  and  limitations  of  the  plastic 
zone  corrections.  The  effects  of  a/t  ratios  on  Kjc  and  Kjc*  (Equation  14)  axe 
shown  in  Figures  107  through  109  inclusive  for  3/8  inch  surface-crack  specimens. 
A  general  tendency  for  Kjc  to  decrease  as  a/t  ratio  increases  is  evident. 

When  Kjc  is  corrected  for  a/t  ratio  using  Equation  14  (K^c*),  the  data  shows 
a  reverse  trend  of  Kjc*  increasing  with  a/t  ratio.  This  trend  is  also  more 
pronounced  than  the  Kjc  trend  indicating  that  the  a/t  correction  over  corrected 
the  a/t  effect  for  the  specimen  geometries  and  a/t  range  investigated.  The 
data  obtained  in  this  program  may  supply  investigators  with  information 
required  to  derive  more  adequate  Kpc  corrections.  The  effects  of  a/t  on  Kjc 
values  for  3/4  inch  forging  and  plate  surface-crack  specimens  are  shown  in 
Figure  110.  The  same  general  tendency  for  Kjc  to  decrease  as  a/t  increases 
is  evident. 

In  this  report,  the  critical  stress  intensity  parameter,  Kjc,  is  used  for 
all  fracture  toughness  test  results  even  when  the  a/t  ratio  exceeds  0.5*  No 
attempt  is  made  to  determine  the  limit,  values  of  a/.t  ratio  where  the  Kjc  para¬ 
meter  should  or  should  not  be  used..  The  ASTM  E-24  Committee  recommends  a  0.5 
limit  for  a/t  for  Kjc  designation..  This  limit  was  arbitrarily,  selected  on  a 
tentative  basis  because  very  limited  available  test  data  exists  for  specimens 
containing  large  cracks.  At  this  time,  there  is  not  sufficient  data  available 
to  definitely  establish  limits  for  a/t  ratio  with  the  surface-crack  type 
tensile  specimen.  As  more  test  data  become  available,  the  influence  of  a  wide 
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range  of  a/t  ratio  on  Kjc  valu.e.s  for  different  materials  and  strength  levels 
will  be  more  clearly  understood  and  the  establishment  of  definite  a/t  ratio 
limits  may  be  possible. 

The  effect  of  ultimate  strength  level  on  Kjc  at  constant  a/t  ratios  for  3/8 
and  3/4  inch  surface-crack  specimens  is  shown  in  Figure  111.  From  this  graph, 
it  is  not  as  clearly  evident  that  Kjc  increases  with  ultimate  strength  level 
as  was  shown  previously  in  the  residual  strength  vs  crack  size  plots.  (Figures 
100  and  102). 

The  effects  of  cyclic  crack  propagation  stress  ratio  (R)  on  Kjc  values  for 
3/8,  l/8,  and  3/4  inch  plate  surface-crack  specimens  at  constant  a/t  ratios 
are  presented  in  Figures  112  and  113 .  A  definite  effect  is  not  clearly 
evident  although  a  tendency  for  Kjc  to  increase  slightly  with  an  increase  in 
stress  ratio  is  shown  for  3/8  and  3/4  inch  plate  specimens.  The  increasing 
stress  ratio  can  also  be  interpreted  as  a  decreasing  pre-cracking  rate  for  a 
majority  of  the  specimens. 
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Effect  of  Surface-Crack  Size  on  Residual  Fracture  Strength  of 
3/8  inch  300  M  Steel  Plate 


Gross  Residual  Fracture  Strength 


H  H  M 


9  ~  3/4  Plate,  29O,  Plate  II,  HT 

«>  -  3/4"  Forging,  290 


12  .13  .14  .15  .16  .17  .18  .19 


Surface  Crack  Size  (&/q),  IN. 

Figure  103  Effect  of  Surface-Crack  Size  on  Residual  Fracture  Strength  of 
3 A  Inch  300  M  Steel  Plate 
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Figure  106  Effect  of  Specimen  Thickness  on  Apparent  for  300  M  Steel 
Surface -Crack  and  Through-Crack  Specimens  a?  F-tu  290  KSI 
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Figure  108  Effect  of  Crack  Depth  to  Specimen  Thickness 

Ratio  on  Kjc  and  Kjc*  for  300  M  Steel  Surface- 
Crack  Specimens  (270  KSl) 


FRACTURE  TOUGHNESS  (K,  *),  FRACTURE  TOUGHNESS  (K 


Ft  -  220  KSi 


-  3/8  IN 

.  PLATE 

SALT 

MOIST 

WATER 

AIR 

SPRAY 

O 

• 

□ 

■ 

40 


0 


-h 

0.2 


0.4  0.6  0.8 

a/t  RATIO 


Figure  109  Effect  of  Crack  Depth  to  Specimen  Thickness 

Ratio  on  Kpc  and  KIc*  for  300  M  Steel  Surface- 
Crack  Specimens  (220  KSi) 
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Figure  112  Effect  of  Range  Ratio  on  Kjc  for  300  M 

Steel  Surface-Crack  Specimens  (3/8"  Thickness) 
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Figure  II3  Effect  of  Range  Ratio  on  Kjc  for  300  M  Steel 

Surface-track  Specimens  (l/o,f  and  3/^"  Thickness) 


INTERRELATIONSHIP  BETWEEN  FRACTURE  TOUGHNESS  AND  CRACK  GROWTH  RATES 

In  Section  IV  it  was  shown  that  the  220  KSI  strength  level  material  has 
the  lowest  fracture  toughness.  In  Section  IV. the  cracking  rates  for  the 
220  KBI. 'strength  level  were  shown  to  be  highest  for  large  values  ofAK.  At 
lower  values  of AK,  the  cracking  rates  of  the  220  KSI  strength  level  were 
approximately  the  same  as  those  of  the  other  strength  levels.  The  above 
would  suggest  that  equation  (l8) which  includes  Kje  might  provide  better  data 
correlation  than  Ak  equation ( 21 ) .  To  check  this  point  the  extremes  in 
toughness,  220  KSI  and  290  KSI  data,  are  compared  for  through-cracks  at 
R  =  0.1  (Figure  114).  These  data  provide  the  highest  AK j  values  and  this 
will  show  the  greatest  extent  of  convergence  of  the  220  KSI  crack  growth  data 
with  that  of  290  KSI.  While  the  data  plotted  on  Figure  114  shows  less  spread 
between  the  220  KSI"  and  290  KSI  data  than  that  using AK  (Figure  89),  the 
trend  to  higher  cracking  rates  for  the  220  KSI  data  is  still  apparent. 

Another  possible  way  to  include  the  influence  of  Kjc  would  be  to  plot 
K/Kic  as  abscissa  rather  thanAK.  This  later  approach  would  not  improve 
the  overall  correlation  as  it  would  tend  to  separate  the  220  KSI  data  from 
the  270  and  290  KSI  data  at  the  lower  cracking  rates. 

Based  on  the  above,  it  appears  that  there  is  a  general  trend  to  higher 
cracking  rates  in  300M steel  with  decreasing  Kqc  in  the  290  to  220  KSI  range 
and  that  the  .mathematical  relationships  between  Kjc  and  rate  are  not 
adequately  defined  by  available  crack  growth  rate  equations.  This  view¬ 
point  is  supported  by  reference  15  which  evaluated  the  dependence  of  fatigue 
crack  growth  rate  d(2c)/dN  on  fracture  toughness  for  4340,  H-ll,  and  on  lO-Ni 
maraging  steel.  In  this  study  the  cracking  rate  d(2c)/dN  was  found  to  be 
approximately  300 fi  inches/cycle  when  AK^’  was  approximately  equal  to  Kjc.  An 
inverse  relationship  between  n  of  equation  15  and  Kqc  was  suggested,  although 
none  of  the  available  equations  provided  a  satisfactory  mathematical  relation¬ 
ship  between  the  two.  This  later  observation,  that  n  varies  inversely  with 
Kjc,  is  consistent  with  the  observed  cracking  behavior  of  the  220  KSI  data. 
Had  these  and  other  data  been  plotted  on  log-log  paper  as  suggested  by 
equation  15,  the  slope  (n)  associated  with  the  220  KSI  data  would  have  been 
greater.  It  is  important  to  note  that  the  observation  of  higher  cracking 
rate  of  300Mat  the  220  KSI  strength  level  compared  to  the  270-290  KSI 
can  not  he  assumed  to  he  representative  of  cracking  behavior  in  other  low 
alloy  steels.  Tempering  of  the  30CMto  the  220  KSI  strength  level  did  not 
produce  an  increase  in  Kqc  over  that  of  the  290  KSI  strength  level.  However 
further  tempering  of  300Mto  reduce  the  strength  below  200  KSI  would  he 
expected  to  raise  Kjc  values.  It  is  also  known  that  certain  low  alloys 
steels  such  as  4330  exhibit  higher  Kjc  values  at  220  KSI  ultimate  tensile 
strength  than  at  higher  strength  levels. 

The  observation  that  a  finite  cracking  rate  occurred  at  Kjc  for 
several  high  strength  steels  (reference  15)  also  deserves  comment  with 
respect  to  the  proper  Kcr  value  to  use  in  equation  18.  In  developing  the 
comparison  Figures  89  and  114,  Kcr  was  assumed  to  he  Kqc#  It  has  been 
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shown  that  high  pre-cracking  stress  levels  (very  close  to  %c)  can  result  in 
an  increase  in  .measured  fracture  toughness,  for  some  high  strength  steels 
(reference  l6).  This  behavior  is  rationally  acceptable  inasmuch  as  cyclic 
strain  softening  near  the  notch  tip  most  likely  occurs  in  many  high  strength 
materials.  For  some  high  strength  materials  it  is  therefore  possible  that 
Kcr  >  Kjc.  The  use  of  a  value  of  Kcr  >  Kjc  in  equation  18  and  thus  for 
developing  Figure  11^  would  tend  to  increase  the  data  spread  between  the 
220  KSI  and  290  KSI  data. 
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Crack  Growth  Rate  -  d2c  ,fi  IN, /CYCLE 


Relationship  Between  and  Cyclic  Cracking  Rate 
For  Through-Crack  Specimens 


Figure  11^ 


Section  V 


DATA  PRESENTATION  METHODS 


The  state  of  art  of  fracture  mechanics  has  not  yet  resolved  to  a  single 
method  of  relating  information,  on  material  fracture  toughness  and  cracking 
rates  to  design  goals  of  toughness  and  slow  crack  propagation.  For  high 
strength  materials,  fracture  mechanics  “based  methods  appear  most  applicable, 
and  Kjc  values  will  soon  be  included  in  MIL  HDBK  5  (Reference  18).  Methods  of 
presentation  for  crack  growth  rate  behavior  now  need  to  be  considered.  In 
view  of  the  diverse  approaches  concerning  design  requirements,  applications, 
procedures,  and  even  theoretical  aspects  of  the  problem,  it  is  not  appropriate 
to  restrict  considerations  to  a  single  method  of  data  presentation  at  this 
time.  Therefore,  several  approaches  to  presenting  crack  growth  data  will  be 
discussed. 

CRACK  GROWTH-  INDEX 

For  the  requirements  for  material  selection  or  screening,  it  would  be 
convenient  to  have  a  single  index  of  cracking  rate. 

Though  such  an, index  may  not  be  suitable  for  quantitative  analysis,  it 
could  aid  in  initial  material  evaluations.  The  cracking  rate  (  fJ.  inches/cycle ) 
for  a  standard  stress  intensity  level  is  suggested  for  this  purpose.  This 
standard  stress  intensity  could  be  either  a  selected  absolute  value  for  a 
class  of  materials,  or  a  percentage  of  Kjc  or  Ftu-  If  the  stress  Intensity 
selected  is  consistent  with  pre-cracking  requirements  for  Kjc,  the  index 
could  be  economically  obtained  during  the  pre-cracking  which  precedes  K~. 
measurement.  These  indices  could  then  be  tabulated  with  K^c  values  for  the 
material. 

STRESS  INTENSITY-RATE  PLOT  (log-log) 

The  cracking  rate  index  approach  to  data  presentation  has  serious 
shortcomings  in  providing  information  for  quantitative  design.  The  simplest 
method  of  data  presentation  which  provides  useful  quantitative  design  infor¬ 
mation  is  the  rate  vs  stress  intensity  plot.  The  rate  vs  intensity  plot 

can  be  either  log-log  or  log-linear.  Of  the  two,  the  log-log  plot  is  less 

complex.  While  it  is  the  least  desirable  as  a  form  of  presentation  for 
analyzing  differences  between  data,  it  has  considerable  merit  for  final  data 
presentation.  For  the  straight  line  log-log  fit,  two  quantities  must  be 

specified;  intercept  and  slope.  The  intercept  of  the  straight  line  fit  on 

a  log-log  plot  at  d2c/dN  =  1  would  provide  a  convenient  index  and  can  be 
considered  as  an  alternate  to  the  index  discussed  in.  the  preceding  paragraphs. 
As  shown  on  Figure  99,  the  observation  that  through  the  thickness  and  surface 
flaws  can  have  parallel  straight  lines  'on  a  log-log  fit  of  data  may  he  signi¬ 
ficant  as. the  slope  (n)  properly  defined  may  well  he  a  material  constant. 
However,  the  sensitivity  of  the  slope  (n)  to  methods  of  measuring  crack 
length  and/or  computing  stress  intensity  as  pointed  out  in  Section  IV  should 
he  carefully  considered. 
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It  would  appear  from  the  program  results  and  as  supported  by  data  in 
Reference  (l4)that  the  influence  of  stress  ratio  R  for  positive  minimum 
stresses  could  be  accounted  for  by  using  a  modified  stress  intensity 
parameter  AT?  (Equation  21 ) .  While  Section  IV  discusses  an  alternate  method 
of  accounting  for  stress  ratio  involving  Kjc,  the  latter  is  not  recommended 
at  this  time  as  it  did  not  adequately  account  for  variance  in  cracking  rate 
with  Kj.  (Section  IV  for  the  220  KSI  strength  level  data  of  this  program. 

It  is  probably  better  to  treat  the  stress  ratio  problem  separately  from 
variance  in  rate  with  KT  until  the  relationship  between  rate  and  KT  is 
more  clearly  established.  c 

Summing  up  these  observations  on  the  log-log  plot  of  AK  vs.  log  rate, 
Figure  11 5  illustrates  a  suggested  figure  for  log-log  data  presentation. 

STRESS  INTENSITY-RATE  PLOT  (log-linear) 

The  log  rate  vs.  AK  on  a  linear  scale  provides  additional  freedom  in 
data  fitting.  In  studying  large  amounts  of  crack  growth  data  (Reference  19 
agreement  was  found  between  the  break  in  slope  on  a  log-linear  plot  and  the 
rotation  of  through  the  thickness  cracks  from  the  tensile  to  shear  mode 
cracking.  For  approximately  the  same  cracking  rates  for  part  through 
cracks.  References  20,  21  observed  changes  in  cracking  mechanisms.  Based 
on  these  and  similar  observations,  the  knee  which  appears  on  the  log-linear 
plot  of  rate  vs.  AK  may  have  real  physical  significance.  If  this  is  con¬ 
firmed  by  further  study,  the  semi-log  plot  would  be  preferred  to  the  log-log 
plot  as  the  latter  tends  to  suppress  the  break  in  slope.  A  careful  study  of 
log-log  figures  such  as  presented  in  Reference  8  will  show  a  deviation 
from  the  straight  line  log-log  fit  near  where  this  knee  is  observed  on  a 
semi -log  plot  (Reference  20  ).  There  is  thus  evidence  to  support  preference 
of  a  semi-log  plot  as  the  most  physically  meaningful  form  of  data  presenta¬ 
tion.  Figure  116  illustrates  a  suggested  form  of  data  presentation  of  this 
type. 

CRACK  GROWTH  RATE -STRESS -CRACK  LENGTH  PLOTS 

From  a  study  of  program  results  for  3/8  inch  thick  material,  the  fracture 
toughness  varies  with  a/t  ratio  (Section  IV).  Also,  for  a  given  cracking 
rate,  computed  stress  intensities  vary  for  through  the  thickness  and  part 
through  flaws.  For  thorough  definition  of  crack  growth  fracture  behavior 
for  this  or  other  thicknesses  where  crack  growth  from  surface  cracks  to 
through  the  thickness  cracks  are  probable,  geometric  parameters  need  be 
considered.  A  simple  way  of  accomplishing  this  is  shown  in  Figure  117. 

Using  stress  as  ordinate  and  crack  length  (2c )  as  abscissa,  values  of  rate 
are  plotted  as  points.  Curves  of  constant  rate  are  drawn  through  the  data. 

In  this  manner,  no  relationship  between  stress  intensity  and  rate  need  be 
assumed.  A  curve  of  critical  fracture  toughness  may  be  established  in  the 
same  manner.  Using  this  procedure,  a  single  diagram  could  define  the 
cracking  behavior  of  a  single  thickness  of  material. 
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DIAGRAMS  SHOWING  STRESS  RATIO  INFLUENCE 

The  results  of  this  program  include  only  cyclic  stresses  in  which  the 
minimum  cyclic  stress  is  positive.  It  is  thus  known  whether  AK  determined 
using  m=l/3  for  300  M  steel  should  also  apply  to  cases  where  minimum 
cyclic  stresses  are  compressive.  A  simple  method  of  data  presentation 
including  the  stress  ratio  variable  would  be  a  modification  of the  Goodman 
Diagram  (Figure  ll8  ) .  Its  range  of  application  would  include  cases  where 
the  influence  of  thickness  need  not  be  considered  so  that  cracking  rates 
could  be  interpreted  in  terms  of  stress  intensity  parameters. 

OTHER  VARIABLES 


In  the  above  discussions  the  cracking  rate  for  surface  cracks  has  been 
presented  in  terms  of  The  experience  gained  in  this  program 

indicates  that  a  and  a/Q  will  have  a  nearly  constant  relationship  to  2c. 
Should  this  not  prove  to  be  an  acceptable  approximation  for  all  cases  of 
interest.,  the  discussion  here  will  apply  equally  well  to  data  presentation 
in  terms  of  a  or  a/Q.  As  long  as  there  is  a  near  constant  relationship 
however.  There  is  considerable  practical  advantage  in  using  2c  measurements 
as  these  are  the  observable  lengths  from  a  standpoint  of  inspection  for 
cracks  in  service  parts  or  in  laboratory  tests. 


The  program  results  show  that  for  300  M  steel  cracking  rates  and  Kpc 
are  not  overly  sensitive  to  material  variables  or  strength  level.  Standard 
Klc  and  rate  data  are  thus  practical  for  handbook  use. 
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Figure  118  Modified  Goodman  Plot 
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CONCLUSIONS 


It  is  concluded  that: 

1.  Stress  intensity  methods  show  promise  for  fracture  toughness  and  cyclic 
crack  propagation  data  correlations  for  300  M  steel  at.  high  strength  levels. 
Additional  theoretical  work  needs  to  he  accomplished  for  surface-cracks 
having  a/t  ratios  greater  than  0.5* 

2.  Methods  suitable  for  handbook  presentation  are  available.  Final  selection 
of  presentation  methods  should  be  coordinated  with  intended  use. 

3.  Plane-strain  fracture  toughness,  of  300  M  steel  was  higher  for  290  and  270 
KSI  ultimate  strength  levels  than  for  220.  KSI  ultimate  strength  level. 

4.  ’Variation  of  plane-strain  fracture ,  toughness  was . considerable  for  different 
heats  of  300 'M  steel  plate. 

5.  Plane-strain  fracture  toughness  (Kjc)  values  obtained  from  surface-crack 
specimens  were  similar  for  l/8,  3/8*  and  3/4  inch  thick  specimens. 

6.  Plane-strain  fracture  toughness  (Kj  )  values  obtained  from  through-crack 
specimens  were  considerably  higher  for  1/8  inch  thick  specimens  than  for  3/8 
inch  thick  specimens.  The  Kjc  values  for  3/8  inch  thick  specimens  approached 
the  values,  obtained  from  surface-crack  specimens. 

7.  Plane-strain  fracture  toughness  was  essentially  the  same  for  300  M  steel 
sheet,  plate,  and  forging  products. 

8.  Plane-strain  fracture  toughness  (%c)  values  generally  decreased  as  crack 
depth-to-specimen  thickness  ratio  (a/t;  increased  from  0.3  to  0.8. 

9.  Cyclic  propagating  surface -cracks  at.  a  minimum-to-maximum  stress  ratio  (R) 
of  +0.5  generally  resulted  in  slightly  higher  Kjc  values  than  at  R  ratios  of 
+0,1  or  +0.2. 

10.  The  relationship  between  residual  fracture  strength  and  crack  length  was 
a  single,  continuous  scatter  band  for  both  surface-crack  and  through-crack 
specimens. 

11.  Crack  depth-to-crack  length  ratio  (a/2c)  remained  essentially  constant 
at  approximately  0,4  during  cyclic  propagation,  of  surface -cracks  in  all 
surface-crack  specimens  except  when  the  surface-crack  propagated  through  the 
specimen  thickness  in  the  l/8  inch  thick  specimens. 

12.  Cyclic  cracking,  rate  (d2c/dN)  was  the  same  for  290  and  270  KSI  strength 
300  M  steel.  The  220  KSI  strength  material  had  a  .higher  cracking  rate  at 
high  stress  intensities. 
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13.  Variations  in  heats  of  material  had.  no  significant  effect  on  cyclic 
cracking  rates. 

14.  Surface-crack,  specimens  exhibited  larger  computed  AT  values  than  through- 
crack  specimens  at  equal  cracking  rates  (d2c/dH).  The  slope  (n)  of  log  d2c/dH 
vs  log  AT  was  approximately  equal  to  l/5  and  the  same  fo.r  both  surface-crack 
and  through-crack  specimens.  The  slope  (n)  is  sensitive  to  geometric  vari¬ 
ables  and  should  not.  be  considered  as  entirely  a  material  constant. 

15.  For  equal  cracking  rate  (d2c/dW),  computed  stress  intensities  were  higher 
for  3/4  inch  thick  surface-crack  specimens  than  for  3 /8  inch  thick  specimens. 
The  l/8  and  3/8  inch  thick  surface-crack  and  through- crack,  specimens  exhibited 
similar  cracking  rate-stress  intensity  relationships. 

16.  Cyclic  cracking  rate  (d2c/du)  decreased  as  minimum- to -maximum  stress  ratio 
(R)  increased  when  evaluated  with  respect  toAT.  The  influence  of  R  in  the 
range  of  +0.5  to  +0..1  can  he  expressed  in  the  form  (Kq  max)m  ^Ki)^-“m. 

17.  Cyclic  cracking  rate  (d2c/dK.)  increased  as  Kjc  decreased.  Available 
cracking  rate  equations  do  .not  quantitatively  account  for  this  trend. 

18.  Salt  water  spray  cracking  environment,  increased  scatter  in  average 
cracking  rate  among  individual  specimens  but  the  nominal  cracking  rate  was  the 
same  as  for  moist  air  cracking  environment. 
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RECOMMENDATIONS 


1.  Real  time  cyclic  loading  and  environmental  conditions  are  consider¬ 
ably  different  than  those  usually  considered  practical  for  crack  propagation 
testing.  Quantitative  data  to  determine  the  importance  of  such  environmental 
factors  as  cyclic  frequency  or  environmental  simulation  technique  are  lack¬ 
ing  for  most  materials.  The  influence  of  cyclic  frequency  on  crack  propag¬ 
ation  rates  for  300  M  steel  should  be  studied  for  both  salt  spray  and  salt 
solution  cracking.  Possible  relationship  to  stress  corrosion  cracking  test 
^Iscc  and  to  stress  corrosion  rates  should  be  studied.  Time  compression 
test  techniques  should  be  evaluated  and  analytical  methods  accounting  for 
cyclic  frequency  effects  explored. 

2.  Analytical  studies  are  required  for  improved  stress  intensity 
calculations  to  relate  surface  and  through  the  thickness  cracking  to  a  single 
rate  curve.  Related  studies  are  required  to  develop  methods  of  computing 
stress  intensities  for  crack  of  intermediate  size  (a/t  70*5  and  2c  measured 
on  opposing  surfaces  unequal).  To  accomplish  these  studies,  a  supporting 
test  program  will  he  required  in  which  cracks  are  initiated  as  surface 
cracks  and  propagate  through  the  thickness  to  proportions  similar  to  through 
cracks.  Several  thicknesses  of  materials  and  strength  levels  should  be 
included. 

3.  Further  studies  are  desirable  to  evaluate  interrelationships  between 
material  static  strength  and  fatigue  properties  fracture  toughness,  cyclic 
strain  characteristics  and  metallurgical  variables.  These  studies  would 
provide  guidelines  for  developing  materials  with  improved  cracking  resistance 
as  well  as  providing  improved  means  of  material  selection  for  design  use. 
These  studies  should  include  both  air  and  saline  environments. 

4.  A  survey  of  service  experience  with  steels  of  the  4340  and  300  M 
type  should  be  conducted  to  provide  the  basis  for  proposing  fracture  tough¬ 
ness  and  cracking  rate  requirements  for  these  materials.  Design  philosophies 
for  using  these  materials  should  be  reviewed  in  view  of  the  survey  results. 
Improvements  in  design  procedures  should  be  proposed  as  guidance  to  the 
MIL-HDBK-5  Committee  in  selecting  cracking  rate  data  presentation,  methods. 
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SUPPLIER  TEST  REPORT  DATA 

Supplier  test  report  data  on  300  M.  forgings  and  plate  material  are 
presented  in  this  appendix. 
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TABLE  A-l  MATERIAL  DETAILS 


300M  Forgings 

300M  Plate 

Melt  History: 

CEVM,  Cameron  Iron 
Works 

CEVM,  Republic  Steel 

Heat  Number: 

51782 

See  Table  A- 2 

Billet  Size  : 

8"  x  15"  x  16 1 

Supplier: 

Shultz  Steel 

Pacific  Metals 

Finished  Size: 

1"  x  13"  x  3V 

3/l 6,  1/2,  and  7/8  Plate 

Condition: 

Normalized  and 

Tempered  to  RC  33  Max. 

Normalized  and  Tempered 
to  RC  33  Max. 

Specification: 

MIL-S-8844B  Class  2 

AMS64-38  Except  Chemistry 
to  MIL-S-88P4B  Class  2 
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TABLE  A-2  CHEMICAL  ANALYSIS 


Material 

Heat 

Number 

C 

Mn. 

Phos . 

Sul, 

Sil. 

Ni. 

Cr. 

Mo. 

V 

Plate 

3/16 

3932022 

,4o 

•  72 

.008 

.0  06 

1.73 

1.76 

.87 

.4o 

.09 

l/2  &  7/8 

3932021 

.39 

CD 
— J 

.009 

.005 

1.73 

1.76 

.87 

.39 

.08 

1/2 

3961507 

,4o 

.83 

0 

0 

• 

• 

0 

0 

OA 

1.60 

1.82 

.83 

,4i 

.09 

7/8 

3922452 

.42 

.90 

.007 

.005 

1.59 

1.85 

.85 

.4o 

.08 

Forgings 

51782 

.43 

•  74 

.009 

.005 

1.63 

1.80 

.81 

•  39 

.08 

Spec,  Range 

.38- 

.65- 

,015 

.015 

1.45 

1.65 

.70- 

•  35- 

.05 

MIL-S-8844B 

Class  2 

.43 

.90 

Max. 

Max, 

1.80 

2.00 

•  95 

•  45 

Min. 

TABLE  A-3  PLATE  TENSILE  PROPERTIES  TRANSVERSE  GRAIN  DIRECTION 


(1) 


Plate 
Thickness - 
Inches 

Heat  Number 

Airmeli  CEVM 

Tensile 

Ultimate 

KSI 

Tens ile 
Yield 

KSI 

* 

Elong. 

1° 

R.  A. 

3/16 

3323188 
Electrode  13 

3932022 

282 

233 

8 

25 

1/2 

3323188 

Electrode  10 

3932021 

288 

251 

10 

4o 

1/2 

3312997 
Electrode  2 

3961507 

289 

2  46 

11 

^3 

7/8 

3323188 
Electrode  10 

3932021 

288 

245 

10 

42 

7/8 

3352605 
Electrode  3 

3922U52 

297 

253 

10 

42 

^''Normalize:  1700°F  -  1  hr.  AC,  Austenitize:  l600°F  -  1  hr.  OQ. 
Double  Temper:  575°F  -  2+2  hrs.  AC. 


TABLE  A-k  BILLET  TENSILE  PROPERTIES  TRANSVERSE  GRAIN  DIRECTION^ ^ 


Specimen  Location ^ 2 ^ 

Tensile  Ultimate 

Tensile  Yield 

KSI 

KSI 

jo  Elong. 

jo  R.  A. 

T-5  Mid-Rad  1 

287.1 

234.6 

11.0 

33-7 

T-5  Center 

289.6 

234.6 

9.0 

29.3 

T-5  Center 

287.5 

231.4 

10.0 

31.7 

T-5  Mid-Rad 

291.2 

237.0 

8.0 

27.5 

B-5  Mid-Rad 

280.7 

228.6 

10.0 

32.9 

B-5  Center 

282.7 

232.6 

10.0 

3^.5 

B-5  Center 

284.3 

233.8 

10.0 

31.7 

B-5  Mid-Rad 

283.9 

229.4 

11.0 

36.9 

^ ^Normalize:  1700°F  -  1  hr.  AC,  Austenitize:  l600°F  -  1  hr.  OQ. 
Double  Temper:  575°F  -  2+2  hrs.  AC. 


TABLE  A- 5  V-NOTCH  CHARPY  IMPACT  RESULTS  (Ft. -Lbs.) 


(D(2) 


Heat  No. 

Location 

Test  Number 
12  3 

3932021 

Top 

l4.o 

13.0 

13.5 

Bottom 

13-3 

15.0 

17 

3961507 

Top 

15.5 

17 

Bottom 

16.5 

16.8 

51782 

Top 

15.5 

16.0 

16.0 

Bottom 

15.5 

16.0 

16.0 

^ ^Normalize :  1700°F  -  1  hr.  AC,  Austenitize:  1600°F  -  1  hr.  OQ 

Temper:  575°F  -  k  hrs.  AC 

(o ) 

v  yReq’d  MIL-S-8844B  Class  2-13  Ft. -Lbs. 


A-6 


TABLE  A-6  J  K  RATING  -  PLATE  MATERIAL 


(1) 

Location 

A 

B 

c 

D 

Heat  3323188 

Top 

.5 

0 

0 

1.0 

0 

0 

0 

.5 

Bottom 

0 

0 

0 

1.0 

.5 

0 

0 

.5 

Top 

0 

0 

0 

1.0 

.5 

0 

0 

0 

Bottom 

.5 

0 

0 

1.0 

0 

0 

0 

0 

Top 

1.0 

1.0 

0 

1.0 

.5 

0 

0 

0 

Bottom 

0 

0 

0 

.5 

.5 

0 

0 

.5 

Heat  3312997 

Top 

1.0 

.5 

0 

.5 

.5 

0 

0 

0 

Bottom 

.5 

.5 

0 

.5 

.5 

0 

0 

0 

Top 

.5 

.5 

0 

.5 

0 

0 

0 

.5 

Bottom 

0 

0 

0 

.5 

0 

0 

0 

.5 

TABLE  A-7  INCLUSION  CONTENT  -  FORGINGS  -  ASTM-E-h5 


Specimen 

Location 

A 

Thin  Heavy 

B 

Thin  Heavy 

C 

Thin  Heavy 

D 

Thin  Heavy 

T-5 

B-5 

Req’d  MIL- 
S_88U4b 

Class  2 

1.5  1.0 

1.5  1.0 

1.0  1.0 

1.5  1.0 

MagnaFlux  (All  Products) 


Frequency  00 


Severity  00 
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ADDITIONAL  DATA  ON  FRACTURE  TOUGHNESS  AND  CRACK  PROPAGATION  -  HIGH  STRENGTH 
STEELS 

A  summary  of  some  test  results  obtained  from  a  previous  Lockheed  funded 
test  program  on  fracture  toughness  and  cyclic  crack  propagation  of  9Ni~^Co, 
300M,  D6Ac,  and  4340  steel  forged  billets  are  presented  in  this  appendix. 
Table  B-l  summarizes  the  test  materials  and  conditions. 
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TEST  MATERIALS  AND  SPECIMENS 


The  materials  evaluated  in  this  investigation  were  vacuum  melted  9Ni-4Co, 
300M,  D6Ac,  and  4-340  steels.  The  materials  were  obtained  in  the  form  of 
forged  billets  with  about  a  9  in.  by  9  in*  cross  section.  Two  billets  of 
300M  steel  were  evaluated.  One  had  high  carbon  content  (.450)  and  one  had  -low 
carbon  (.39^).  The  9Ni-4Co  steel  was  evaluated  with  both  martensitic  and 
bainitic  structures.  Vendor  reported  chemical  analyses  for  the  test  materials 
are  presented  in  Table  B-2. 

Round,  one  inch  gage  length,  tensile  specimens  and  surface-crack  type 
tensile  specimens  (Figure  B-l)  were  machined  from  the  steel  billets  in  the 
longitudinal  grain  direction.  Specimen  locations  within  the  billets  are 
shown  in  Figure  B-2.  All  specimens  were  machined  oversize  by  .025  inch  per 
surface  to  allow  for  final  machining  after  heat  treatment  to  remove  any 
possible  decarburization.  The  test  specimens  were  heat  treated  to  270-290 
ksi  strength  level  according  to  the  following  schedul.es  and  then  finish 
machined  to  the  final  specimen  dimensions. 

Heat  Treat  Schedule 


9Ni-4Co  Steel  (martensitic) 

1.  Normalize  -  l600°  F,  1  hour,  air  cool 

2.  Austenitize  -  1450°  F,  1  hour,  air  cool 

3.  Refrigerate  -  -100°  F,  2  hours 

4.  Within  one  hour  after  refrigeration  cycle,  double  temper  -  475°  F,  2 
hours,  air  cool  (two  times) . 

9Ni-4Co  Steel  (bainitic) 

1.  Normalize  -  l600°  F,  1  hour,  air  cool 

2.  Austenitize  -  1450°  F,  1  hour  and  immediately  transfer  to  furnace  at 
460°  F  for  8  hours,  air  cool. 

3*  Double  temper  -  425°  F,  2  hours,  air  cool  (two  times) 

300M  Steel 

1.  Normalize  -  1700°  F,  1  hour,  air  oool 

2.  Austenitize  -  l600°  F,  1  hour,  oil  quench 

3.  Double  temper  -  575°  F,  2  hours,  air  cool  (two  times) 
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D6Ac  Steel 

1.  Normalize  -  1650°  F,  1  hour,  air  cool 

2.  Austenitize  -  1550°  F,  1  hour,  oil  quench 

3.  Double  temper  -  600°  F,  2  hours,  air  cool  (two  times) 
4340  Steel 

1.  Normalize  -  165O0  F,  1  hour,  air  cool 

2.  Austenitize  -  1500°  F,  1  hour,  oil  quench 

3.  Temper  -  4.50°  F,  4  hours,  air  cool 

TEST  PROCEDURE 
Tensile  Tests 


Tensile  tests  were  conducted  for  all  steel  alloys  and  heat  treatments 
to  insure  satisfactory  heat  treat  responses.  The  tests  were  conducted  at 
room  temperature  at  a  load  rate  equivalent  to  an  elastic  strain  rate  of 
0.005  inch  per  inch  per  minute  according  to  ASTM  Specification  E-8. 

Fracture  Toughness  Tests 

Various  sized  semi-elliptically  shaped  fatigue  cracks  were  generated  at 
the  center  of  one  side  of  the  surface-crack  tensile  specimens  by  repeated 
const ant -moment  bending  in  a  hydraulically  operated  fatigue  machine  (Figure 
B-3).  A  small  electric-discharge  machined  notch  was  used  to  accurately 
locate  and  initiate  the  fatigue  crack.  The  fatigue  crack  was  observed  and 
measured  on  the  specimen  surface  until  the  desired  crack  length  was  attained. 

After  the  specimens  were  fatigue  cracked,  they  were  statically  loaded  in 
tension  to  failure  at  a  load-rate  equivalent  to  an  elastic  strain-rate  of 
0.005  inch  per  inch  per  minute  in  Universal  hydraulic  test  machines  (Figure 
B-4).  An  autographic  load-extension  curve  to  failure  was  obtained  with  a 
Model  PD-1M  deflectometer .  The  fatigue  crack  length  and  depth  were  measured 
from  the  fractured  surface  of  each  specimen. 

Crack  Propagation  Tests 

Semi-elliptically  shaped  fatigue  cracks  were  generated  in  specimens 
identical  to  those  used  in  the  fracture  toughness  tests  using  the 
procedures  previously  described  except  that  the  cracks  were  propagated  to 
the  same  size  for  each  specimen.  This  condition  constituted  the  initial 
pre-crack  condition  for  starting  the  axial  tension-tension  fatigue  crack 
propagation  tests. 
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Specimens  of  each  steel  alloy  and  heat  treatment  were  then  axial 
tension-tension  fatigue  tested  at  a  maximum  gross  area  stress  of  45  ksi 
and  a  minimum-to-maximum  stress  ratio  (R)  of  +0.1  with  the  crack  exposed 
to  an  air,  distilled  water,  or  3  l/2  percent  NaCl  salt  water  environment. 
The  water  solutions  were  maintained  over  the  crack  with  an  "0"  ring 
placed  on  the  specimen  surface  around  the  crack.  The  tests  were  conducted 
in  a  hydraulically  operated  fatigue  machine  at  a  cyclic  frequency  of  20 
cps.  Figure  B-5  shows  the  fatigue  machine  with  specimen  installed  for 
salt  water  environment  testing.  A  plastic  scale  was  placed  on  the  specimen 
surface  adjacent  to  the  crack  for  crack  length  measurements  (Figure  B-6) . 

In  order  to  measure  the  crack  length  during  the  test,  the  fatigue  machine 
was  stopped  with  the  mean  load  remaining  on  the  specimen  until  the  measure¬ 
ment  was  completed.  Fatigue  crack  length  and  corresponding  number  of 
cycles  were  recorded  at  crack  length  increments  of  0.04  inch. 


TEST  RESULTS 
Tensile  Tests 


The  t.ensile  test  results  are  presented  in  Table  B-3.  300M  steel  (.450) 

exhibited  the  highest  ultimate  strength  (291  ksi)  and  4340  steel  the  lowest 
(274  ksi).  D6Ac  steel  had  the  highest  0.2  percent  yield  stress  (244  ksi) 
and  4340  steel  the  lowest  (227  ksi).  The  percent  elongation  in  a  1  in. 
gage  length  and  percent  reduction  in  area  ranged  from  9  to  12  and  34  to  54 
respectively  for  all  alloys  and  heat  treatments  tested. 

Fracture  Toughness  Tests 

The  results  of  the  fracture-  toughness  tests  for  martensitic  9Ni-4Co,  bainitic 
9Ei-4Co,  30OM  (.450),  300M  ( . 39C ) ,  D6Ac,  and  4340  are  presented  in  Table 
B-4.  Plane-strain  fracture  toughness  (Kjc)  values  were  calculated  using 
Equation  (13)  of  this  report.  The  effects  of  crack  size  (a/Q)  on  gross 
fracture  strength  are  shown  in  Figure  B-7. 

Bainitic  9Ni-*+Co,  4340,  and  300M  (.39^)  steels  exhibited  the  highest 
gross  fracture  strengths  and  values  followed  in  decreasing  order  by 
martensitic  9Ri-4Co,  D6Ac,  and  §00M  (.450)  steels.  A  comparison  of  fracture 
toughness  results  for  the  two  heats  of  300M  steel  indicate  that  variations 
in  carbon  content  significantly  influence  the  toughness  properties  of  this 
alloy.  The  low  carbon  heat  (.39C)  exhibited  considerably  higher  fracture 
strengths  and  K-  values  than  the  .45  carbon  heat  at  approximately  the  same 
ultimate  strength  level. 

The  effects  of  crack  size  (a/Q)  on  calculated  Kjc  values  for  all  alloys 
and  heat  treatments  evaluated  are  shown  in  Figures  B-8  to  B-13*  These 
results  indicate  general  tendencies  for  Kjp  to  increase  with  increasing  crack 
size  for  the  tougher  alloys  (bainitic  9Ni-4Co,  4340,  and  low  carbon  300M 
steels)  and  for  Kpc  to  decrease  with  increasing  crack  size  for  the  less  tough 
alloys  (martensitic  9Ri~4Co,  D6Ac,  and  high  carbon  300M  steels). 
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Crack  Propagation  Tests 


Tabulated  crack  propagation  test  results  for  martensitic  9Ni-4Co, 
bainitic  9Ni-4Co,  300M  (.45C),  300M  (.39^),  D6Ac,  and  4340  steels  in  air, 
salt  water,  and  distilled  water  environments  are  presented  in  Tables  B-5, 
B-6,  and  B-7.  The  initial  crack  lengths  at  the  start  of  the  axial  tension- 
tension  fatigue  crack  propagation  tests  were  from  0,l6  to  0.18  inch.  These 
initial  crack  lengths  were  generated  by  constant-moment  bending  as 
described  previously.  In  order  to  evaluate  crack  propagation  behavior 
without  influences  from  initial  crack  size  variations  and  pre-crack 
stressing  conditions,  the  crack  propagation  data  is  reported  from  a  constant 
crack  length  of  0.20  inch  which  occurred  after  the  initial  crack  had  started 
propagating  under  the  stress  and  environment  conditions  used  for  the  crack 
propagation  tests.  There  are  no  test  data  reported  in  Table  B-5  for  4340 
steel  tested  in  the  air  environment  because  the  initial  crack  did  not  ^ 

propagate  under  the  axial  crack  propagation  test  stress  conditions  after  10° 
cycles  at  which  time  the  tests  were  discontinued. 

Figures  B-l4,  B-15,  and  B-l6  present  graphical  plots  of  crack  length 
vs.  number  of  fatigue  cycles  for  the  crack  propagation  tests  in  air,  salt 
water,  and  distilled  water  environments.  These  graphs  indicate  that  the 
slowest  cyclic  crack  propagation  under  the  stress  conditions  tested  was 
exhibited  by  4340  steel  in  air  environment,  300M  ( . 39C )  steel  in  salt  water 
environment,  and  martensitic  9Ni-4Co  steel  in  distilled  water  environment. 
Crack  propagation  was  generally  faster  in  salt  water  and  distilled  water 
environments  than  in  air  with  salt  water  tending  to  be  more  damaging  than 
distilled  water. 

Figures  B-17,  B-l8,  and  B-19  present  the  cyclic  crack  propagation  test 
results  in  terms  of  cracking  rate Q4~-c  )  and  stress  intensity  range  (..;4,KT) 

dir  ± 

d2c 

and  Figures  B-20,  B-21,  and  B-22  present  the  data  in  terms  of  — and 

effective  stress  intensity  range  ( A  K) .  These  are  the  same  type  data 
presentations  as  presented  for  300M  steel  in  the  main  body  of  this  report. 

In  these  data  presentations,  the  crack  propagation  data  for  all  alloys  and 
heat  treatments  tested  fall  within  a  reasonable  single  scatter .band. 

However,  within  the  scatter  band,  the  same  general  relationships  among  the 
different  alloys  exist  as  were  indicated  by  the  crack  length  vs.  number  of 
cycles  plots  (Figures  B-l4,  B-15,  and  B-l6) . 
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TABLE  B-l  SUMMARY  OF  CYCLIC  CRACK  PROPAGATION  TESTS 


MATERIAL 

ULTIMATE 

STRENGTH 

(KSI) 

TEST 

ENVIRONMENT 

MAXIMUM 

FATIGUE 

STRESS 

(KSI) 

MIN. -T 0-MAX.  ] 
FATIGUE 

STRESS  RATIO  } 

(R)  j 

9Ni-4Co  Steel  (Martensitic) 

280 

Air 

45 

+0.1  j 

Salt  Water 

45 

+0.1  I 

Distilled  Water 

45 

+0.1 

9Ni-4Co  Steel  (Bainitic) 

275 

Air 

45 

+0.1 

Salt  Water 

45 

+0.1 

i 

300M  Steel  (.45  Carbon) 

291 

Air 

4? 

+0.1 

I 

Salt  Water 

45 

+0.1  j 

Distilled  Water 

45 

+0.1 

300M  Steel  (.39  Carbon) 

287 

Air 

45 

+0.1  i 

Salt  Water 

45 

+0.1 

d6Ac  Steel 

279 

Air 

45 

+0.1 

Salt  Water 

45 

+0.1 

Distilled  Water 

45 

+0.1 

4340  Steel 

274 

Air 

45 

+0.1 

Salt  Water 

4? 

+0.1 

Distilled  Water 

45 

+0.1 

_ 

bd 


TABLE  B-2  CHEMICAL  COMPOS IT 


ALLOY 

VENDOR 

- 

HEAT 

NO. 

9Ni-4Co  Steel 

Republic  Steel  Corp. 

393H29 

300M  Steel 

American  Alloy  Metals, 
Inc. 

50604 

300M  Steel 

Crucible  Steel  Corp. 

16451 

D6Ac  Steel 

Republic  Steel  Corp. 

3951333 

H3I4O  Steel 

Republic  Steel  Corp. 

3961320 

OF  STEEL  ALLOYS  INVESTIGATED 


CHEMICAL  COMPOSITION 


mnI 

p  ] 

. s  j 

‘sin 

CR  \  NI  1 

MO  | 

vl 

~cuT 

CO 

.44 

.19 

'.005 

.007! 

.01 

.34;  7.73; 

■  .29  i 

1 

.08  ■ 

4.09 

.45 

;  -9o 

: 

.006; 

1 

1  i 

.oo4 

1.491 

.861.75 

;  *39  i 

i  1 

.10 

.15: 

.39 

. 

.86 

,  1 

.008; 

.005 

1 

1.79 

I 

;  .87; 1.80 

1  *4l| 

.07 

1 

•  47 

.67 

1.010; 

t  1 

I 

.oo4j 

.22 

i 

1.07  .54' 

;1.00': 

.08 

i 

•  39 

.72 

■ . 007 • 

,oo4 ; 

.231 

.8ia.77 

:  .26 

TABLE  B-3  TENSILE  TEST  RESULTS 


MATERIAL 


9Ni-4Co  Steel  (martensitic) 


9Ni-4Co  Steel  (bainitic) 


GRAIN 

DIR.  |(KSI)  |  (KSI)  i  1"  GAGE 


300M  Steel  (.450) 


300M  Steel  (.39C) 


D6Ac  Steel 


4340  Steel 


Long. 

Long. 


Long. 

Long. 

Long. 

Long. 

Long. 

Long. 


239  1 

24l 
241 
246  ' 


236  !  10 


OM-13 

Long. 

289 

237 

9 

OM-14 

Long. 

291 

240 

9 

OM-15 

Long . 

291 

242 

8 

Avg. 

Long. 

291 

246 

9 

' 

2M-1 

Long. 

284 

237 

10 

2M-2 

Long. 

290 

243 

10 

2M-3 

Long. 

284 

242 

10 

2M-4  .  _ 

.  Long. 

289 

24l 

9 

Avg. 

Long. 

287 

"241 

10 

D1 

Long. 

280 

245 

11 

D2 

Long. 

281 

243 

11 

D3 

Long. 

278 

242 

10 

D4 

Long. 

280 

241 

10 

D5 

Long. 

278 

246 

11 

d6 

Long. _ 

276 

245 

10 

Avg. 

Long. 

279 

"  244" ' 

.... . 

43-1 

Long. 

274 

226 

12 

43-2 

Long. 

275 

230 

12 

43-3 

Long. 

272 

223 

12 

43-4 

Long. 

276 

228 

12 

43-5 

Long. 

277 

229 

12 

43-6 _ 

_Long. 

270 

228 

12 

Avg. 

Long. 

'  274' " 

'  227 

'  12 

j  30 
31 
I  32 

:  31 

31 

32 
31 


w 

I 

VO 


TABLE  B-4  FRACTURE  TOUGHNESS  TEST  RESULTS 


MATERIAL 

SPECIMEN 

NUMBER 

CRACK 

DEPTH 

(w.) 

CRACK 

LENGTH 

2e 

(IS.) 

a 

2c 

GROSS  AREA 
FRACTURE 
STRENGTH 
(KSI) 

0.2 $  OFF-SET 
YIELD  STRESS 
(KSI) 

FRACTURE  STRENGTH 
YIELD  STRESS 

a 

9Ni-4Co  Steel  (Martensitic) 

M-2 

.055 

.150 

.367 

214 

240 

1.08 

.331 

M-3 

.063 

.175 

,360 

.83 

.379 

M  -4 

.085 

.255 

.334 

153 

.64 

.515 

M-5 

.095 

.325 

.293 

125 

.52 

.630 

M-6 

.100 

.370 

.250 

118 

.49 

.725 

M-7 

.105 

.410 

.256 

112 

2k0 

.47 

.756 

9Ui-4Co  Steel  (Bainitic) 

B-l 

.075 

.215 

.349 

196 

235 

.83 

.463 

B-2 

.075 

.215 

.349 

198 

.84 

.463 

B-3 

.100 

.295 

.339 

168 

.72 

.641 

B-5 

.095 

.285 

.333 

178 

.76 

.601 

B-7 

.067 

.168 

.399 

206 

.88 

.376 

b-8 

.084 

.254 

.331 

173 

235 

.74 

.532 

300M  Steel  (.45C) 

OM-2 

.026 

.057 

.456 

251 

240 

1.04 

.133 

OM-3 

.027 

.058 

.466 

246 

1.02 

.135 

OM-4 

.053 

.114 

.465 

189 

.79 

.255 

OM-5 

,o4i 

.094 

.436 

196 

.82 

.209 

om-6 

.062 

.144 

.431 

164 

.68 

.313 

OM-7 

.070 

.197 

■  355 

143 

.60 

.402 

Oli-8 

.086 

.290 

.297 

114 

.48 

.562 

OM-9 

.105 

.417 

.252 

89 

240 

.37 

.752 

3OOM  Steel  (.39C) 

3M-13 

,028 

.075 

.374 

267 

241 

1.11 

.175 

3M-14 

.031 

.070 

.443 

256 

1.06 

.163 

3M-15 

.044 

.110 

KE9 

237 

.98 

.252 

3M-16 

,080 

.240 

.334 

182 

.76 

.500 

3M-17 

.090 

.308 

.292 

165 

•69 

.617 

3M-18 

.108 

.404 

l4l 

241 

.59 

.761 

D6Ac  Steel 

D-2 

.028 

.071 

.394 

242 

244 

.99 

.163 

D-3 

.027 

.067 

.403 

240 

.98 

.153 

1-4 

.032 

.079 

.405 

237 

.97 

.182 

J-5 

,o4i 

.104 

.394 

220 

.90 

.233 

D-6 

.069 

.147 

.470 

190 

.78 

.329 

D-7 

.088 

.207 

.425 

156 

.64 

.44o 

D-8 

.322 

.311 

.48 

.633 

D-9 

.111 

.366 

.303 

96 

244 

.39 

.708 

4340  Steel 

C-l 

.030 

.080 

.375 

256 

227 

1.13 

.188 

C-2 

.050 

.110 

.454 

220 

.97 

.254 

C-5 

,100 

.290 

.345 

.75 

.618 

C-6 

.120 

.390 

.308 

.64 

.780 

c-8 

.100 

.270 

.371 

.77 

.581 

c-9 

.060 

.i4o 

.429 

217 

.96 

.319 

C-12 

,120 

•4oo 

.300 

135 

227 

.60 

.786 

Kic 

(ksi  frk) 


76 

75 
68 
61 

60 

59 

82 

83 

81 

85 

77 

77 

56 

55 

58 

54 

56 

56 
52 

47 

68 

63 

73 

76 

80 
75 

60 

57 

61 

65 

66 
63 

57 

49 

68 

67 

82 

78 

81 
75 

74 
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TABLE  B-5  CYCLIC  CRACK  PROPAGATION  IN  AIR  TEST  RESULTS 


j  AIR  ENVIRONMENT 

9Ni-4Co  STEEL 

9Ni-4Co  STEEL 

300  M 

STEEL 

300  M  STEEL 

d6Ac 

STEEL 

(MARTENSITIC) 

(BAINITIC) 

(.45C) 

(-39C) 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

CRACK 

NO.  OF 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

LENGTH 

CYCLES 

(IN.) 

(10"3) 

(IN.) 

(lO-3) 

(IN.) 

(lO"3) 

(IN.) 

(Kf3) 

(IN.) 

(10“3) 

.20 

0 

.20 

0 

.20 

0 

.20 

0 

.20 

0 

.24 

8.9 

.24 

12.0 

.24 

12.0 

.24 

8.0 

.24 

8.0 

.28 

13.8 

.28 

22.0 

.28 

18.0 

.28 

12.0 

.28 

13.0 

.32 

18.5 

.32 

28.3 

.32 

£2.0 

.32 

16.0 

.32 

18.0 

.36 

23.0 

.36 

33-5 

•  36 

25.0 

•  36 

20.0 

.36 

22.0 

.40 

26.9 

.40 

37.6 

.4o 

27.0 

.40 

23.0 

.4o 

25.0 

.44 

30.1 

.44 

40.5 

.44 

28.0 

.44 

26.0 

.44 

28.0 

.48 

32.2 

.48 

43.0 

.48 

29.0 

.48 

29.0 

.48 

30.5 

.52 

34.0 

.52 

45.0 

.52 

30.0 

.52 

32.0 

-52 

33.0 

.56 

35.7 

.56 

45.5 

.56 

34.5 

.56 

35.0 

.60 

37.3 

.60 

48.0 

.60 

36.5 

.60 

37.0 

.64 

38.2 

.64 

50.0 

.64 

38.0 

.64 

39-0 

.68 

39-0 

.68 

51.0 

.68 

39.0 

.68 

4l.o 

•  72 

39-7 

•72 

52.0 

.72 

40.0 

.72 

42.5 

.76 

4o.o 

.76 

53.0 

.76 

4l.O 

.76 

44.0 

.80 

54.0 

.80 

41.5 

.80 

45.0 

9N1-4CO  STEEL 
(bainitig) 


CRACK 

LENGTH 

(IN.) 

NO.  OF 
CYCLES 
(10"3) 

CRACK 

LENGTH 

(IN.) 

.20 

0 

.20 

0 

.24 

5.8 

.24 

5-9 

.28 

9.8 

.28 

10.6 

.32 

13-0 

•  32 

14.6 

.36 

15.5 

.35 

18.0 

.40 

17.6 

.40 

21.0 

.44 

19-7 

.44 

23.5 

.48 

21.5 

.48 

25-7 

.52 

23.2 

-52 

28.0 

•  56 

24.5 

•  56 

30.0 

.60 

25.5 

.60 

32.0 

.64 

26.5 

•54 

34.0 

.68 

27.4 

.58 

35-5 

.72 

27.9 

.72 

36.5 

.76 

28.6 

.76 

37.5 

.80 

29.O 

O  O  C\  OAVO  o 


IC  CRACK  PROPAGATION  IN  SALT  WATER  TEST  RESULTS 


SALT  WATER  ENVIRONMENT 


300  M  STEEL 

(.45C) 


CRA 


LENGTH 


NO.  OF 


300  M  STEEL 
(.390) 


CRACK 

LENGTH 

(IN.) 


NO.  OF 
CYCLES 
(lO^3) 


D6Ac 

STEEL 

crack 

NO.  OF 

LENGTH 

CYCLES 

(IN.) 

(10^) 

.20 

0 

.24 

3-1 

.28 

5.0 

.32 

5.5 

•  36 

8.0 

.4o 

9-0 

.44 

10.0 

.48 

11.0 

•  52 

12.0 

.56 

13.0 

.5o 

14.0 

.64 

14.7 

.58 

15-5 

•72 

16.3 

•76 

17.0 

340  STEEL 


CRACK 

LENGTH 

(IN.) 


TABLE  B-7  CYCLIC  CRACK  PROPAGATION  IN  DISTILLED  WATER  TEST  RESULTS 


td 

H 

ro 
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TENSILE  SPECIMEN  BLANKS 


Figure  B-2  Location  of  Specimen  Blanks  in  Billets 


B-lU 


Figure  B 


3  Photograph  of  Test  Set-up  for 
Generating  Semi-elliptically 
Shaped  Fatigue  Cracks  in  Tensile 
Specimens  by  Repeated  Constant- 
Moment  Bending 


Figure  B-4  Photograph  of  Test  Set-up  for 

Static  Tensile  Testing  of  Surface 
Pre-cracked  Specimens  in  Hydraulic 
Test  Machine 


«V.-: 


}**>&'*} 


Figure  B~5  Fatigue  Machine  with  Specimen  Installed 


Figure  B-6  Specimen  with  Seale  and  "o"  Ring  Water  Container 


Gross  Fracture  Strength 


8 


.1  .2  .3  .4  .5  .6  .7  .8 

Surface-Crack  Size  (a/Q),  IN. 


Figure  B-7  Effect  of  Surface-Crack  Size  on 
Fracture  Strength 


B-18 


Surface-Crack  length  -  2c,  IN. 


Number  of  Fatigue  Cycles-N 


Figure  B-l4  Cyclic  Crack  Propagation  of  High  Strength 
Steels  in  Air  at  45  KSI  Maximum  Stress 
and  0.1  R  Ratio 


Surface-Crack  Length  -  Sc 


Figure  B-15  Cyclic  Crack  Propagation  of  High  Strength 
Steels  in  Salt  Water  at  k-5  KSI  Maximum 
Stress  and  0.1  E  Ratio 


Euxf ace-Crack  length  -  2c,  IN. 


Number  of  Fatigue  Cyeles-N 


Figure  B-l6  Cyclic  Crack  Propagation  of  High  Strength 

Steels  in  Distilled  Water  at  ^5  KSI  Maximum 
Stress  and  0.1  R  Ratio 


w 

I 

IV) 

CO 


Stress  Intensity  Range  -  &  Kj,  KSl~VTN. 


Figure  B-17  Cyclic  Cracking  Rate  vs  Stress  Intensity 
Range  for  Surface-Crack  Specimens  in  Air 


Crack  Growth  Rate  -  d2c  //(4  IN. /CYCLE 
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Stress  Intensity  Range  -  A  K.,  KS1  VTN . 


Figure  B-19  Cyclic  Cracking  Rate  vs  Stress  Intensity  Range  for 

Surface-Crack  Specimens  in  Distilled  Water  at  R  =  0.1 


Crock  Growth  Rato  -  d2c  IN. /CYCLE 


liUlriHimiflilil  HtHiUmiSUHH  mmm  a ; ; ; ;  ■  •  j :  * 

Si 

SS 

3g|i^ 

ss 

H=» 

s^sif  isms 

sssn*5|g  BS1SMJ  im  IM  m  ^  isfi 

[|  USIslil  yy  1  ill;;  iim  iiiJ  HIS  S 

muss 

ssimnimj 

80  BlMI 

60 

40  m 

•  : * : ;  i 

: .  1-i: '1: .  :  .  . 

MlllliP 

MmM 

fjjjlUjjjjljjK 

ijiiiiinSiiH:: 

iijll 

jam  iii 

M 

|C£ 

m 

iii 

(EffiS 

Hil 

suit 

HPjil 

Isas 

|gjg| 

nJHss;: 

MjUljBI 

ill^i 

uziriss 

sHMIhH! 

E5P 

Hill 

m 

3» 

1 

3§ 

•jj* 

§ 

5fi! 

im 

m 

E 

gg 

110 

ii 

jij 

UffiEik 

Hu 

ZiSSi 

jii  us 

IH3: 

Eui 

mms 

HlBliiiili 

isiil 

iiess^ 

iESiSIE 

msyss'ffliaa’s^siHsgM 

gliaa  iSlilSISSEi 

-|{=i  •fflEi:!'!:  n-SHiiHiiill-iE:: 

iiSIM'M'fflSMMMl 

OliiltrilBPSiPeii 

lill  SBBBBS 

MM 

XBB=2 

miau 

5i:5 

ScSgiHiHS 

Eii-t-jj™ 

«sigiiiis 

■■••ISIS  iSSSi 

sP 

mnmi  i: 

liH 

sHiSiSS® 

■  Il  IlillllUl  m» 

jiSiHji 

Pp; 

ss 

p 

1 

usm 

Bu!!! 
iuii  n 

Olili 

rafKiss: 

w 

m 

1 

P 

iim 

im 

ti£ 

EB 

Si 

;^Ui: 

m  mil 

i 

||I 

«3s  WYAYM 

i:jKKl::nn:i:. 

KiKKKuSKi:::: ::  kikskkkkkk::: 

. . . 

mum 

KjHlJj 

Sli*=K 

iu'  'iii,i“i‘*n 

ms  KUKKK 

:k:  :::::::::: 
x: 

■  nuijH:;; 

iiiiiiilUliiii  nul 

iiiiiiilHpitirlj::; 

■jj  |pH 

jrpKi 

izzi 

22 

■•“iSi.T 

B-ngs-sa 

K-RKSSSSj 

li  L»SU!»3 

MM, 

iiii™ 

US) 

ZSi 

W. 

jagar 

»ii 

IIS 

SUES 

SiiSeii 

asass 

=E3=™ 

HiJ; 

3x& 

I 

Eg 

s 

m 

s 

§iHgn| 

4H 

EH2 

Mmi 

mli 

l^^yyi 

tunilliils  i  Qiigiiiiiln!!! 

=mi«e5iiils  ^^^anSlKK-S 

.  -  ■  •  ••  •  ■ 

Lion  1  Isiiiii  iiHinii  ■ 

iBmi 

mas 

Sanjsjjjji 

RBiia; 

iaa  K-jiHH 

!S!  EKajuu 

■’iiiiT'i 

•MU 

*s?ii  il 

il  iiiiKs-is 

■[  mijiihxM 

Ml 

HB 

ii| 

siH 

afiHiiii 

sicSjSE 

»':u 

an 

liii 

inti 

nr 

hk 

iSZ 

irst 

ms: 

[JK| 

■UmBiiiL 

iiiibiS-’Ss 

■KSiBajiaaSa  ss  siubsskiH::: 

L  Hir  HUU 

:.:di 

■■■•mi  iiiii 
miiiii  t 

■  1  mil  mi  li . 

iimiiuii  ■■■  ■■■■■ 

■  M 
: 

iluSS  S! 

in  it 

lauitaiinfl 

in  mmuHS 

iii  iasiisr 

Sum 

oiHnm 

mi 

SB 

■ss 

sis! 

iuwn 

SSRXE 

i 

E 

*ni 

mu 

nu 

Zl 

SffiR 

InS 

■uu 

iiumum 

immIMHW 

Mh":  miirni 

zEIERpEEffl^ij^i 

sffiss!:  i!iiui:i:  ii:k  1 

Kirss  :  it!  9  :tt  :z : 

iiiii 

mu 

in  miiiifir 

nil  ui  mm 

iimm  rimi 

1,1  "I!!!!!! 

muni  i 

11111(1  III  III  Ullt 

■iii 

■  in  ui 

it  lumiiMij 

■im  urn 

■IU 

iniint 

uuna 

jiiiiuimi 

am 

|CHi 

nluuiii 

NtU 

UHJIltQ  til 

til  HIU . 

inniiiiuiiiii  m  miiuiuiniiiuiii! 

E  lunitn  ittu  1  imtutH  lllll  ■ 
umiiiin  iuu  1  |i[  m  limit 

urn 

II  IU 

■un  cun  mu 
inn  ran  mn 

liuutiiiu 

mu 

Till 

mSS 

1  mini  iuii  1  Iruu  ui  liiuU 

mu 

in  ft  U mil 

HI . 

hum  iii  m  inn 

1  1 

III  II 

n  iimiiiim 

iimuii 

Jill 

III 

lllllll 

irinnfi 

1  rm  II  HU 

III! 

am 

III!. 

im 

iiimui 

mu 

llllim  HI 

tim  1 111 1  III 

1  1IIIUI  lljl  |  III  II  II  lllll  ) 

nun 

111  irfjj li]!] 

. . 

Mi  immi  i 

■  ijj- 

I 

imn  iii  iii  linj 
mm  mm  urn 

tm  m 

r"; 

jjjjj  j 

u  in 

mi  i  n 

::SE52:! 

raczigg 

iij.Tiin-i: 

i  immiiinr 
li  nmiiimp 

mmmm 

H^isjEfSj 

i  HiiiiH:  EiS 

umuiri 

umniii 

mm 

min 

rtrii  rirti 
»xs 

iSSEi 

i 

S2 

i 

lllll 

Dill 

3m 

B 

m 

Pi 

mini 

sum 

MM 

MM 

irinirii 

1IUIIIII 

s^i 

s»S 

saga 

TtEEEEEl 

iimiiimi 

lilnniuni 

nmm 

1SS 

ImIE 

jjcnjsa 

mu 

mil 

Ml 

M 

S7ZL 

R 

mil 

uni 

t~i\ 

M 

M 

ihu 

uni 

m 

mu 

II 

EE 

s£ 

iiiii 

isa 

P 

Sii 

IIIIIIIIU 

. . 

mm 

SI 

iiiii 

IUII 

e|hJ 

irJ 

iiiHHimi 

ui  n  mini 

^ifigg 

SiiMS 

mm* 

unm  miiiii 
II IHU  UIIIUII 

=i^=rji|a^ 

§■ 

aaggSaa 

nmaii 

mi  mini  [Him  111  iiiiiiiu  mnium 

seimii  OUh^Hiti  HSSSIS§i=IIMII 

zi2  Si  =*“  55ET: 

iifi0iIliili3sllgyjPlPiig 

1  mmm  nil  tit  Jimi  11 11m  1 

1  lllllll  IIII  fljllll  IlltUJUUI  1 

1  -=ii=yymaffl^i!^E^a 

niaDrasuillPSliillmsy 

trnmmmmsm 

syi3jtlij$!!Si!ji[jjili 

mm 

muin 

p 

r :  i 
*“nsi: 

::  ::::: 

Siuilmliiii 

mmm 

"Diiiinuto 

nfilMf  HI: 

ill 

iii i 

niiiiiilmlHSS::: 

jj|| jjlj! 

js:  k:h if 
. . 

:jjj  ijjjjji 

irslfiEm 

■  iiiiiiiu  i»t 

i  ■■■■■■■■■  mi 

gjyr.iag 

ms  sis 

::[=is= 

sms 

snisOi 

sm 

H 

|=s 

le 

m 

X^3 

III 

v.  _  r.  ■ 
— XS  ~ 
SCSil; 

sesci 

SZZE 

rt 

gging 

^Piiirir 

-re 

s 

iJK. 

XU 

2T.I 

5=S 

E£H 

as 

55 

W 

M 

E 

Hi* 

is 

pt 

xs 

ii5« 

zEixkc 

ini 

r*r*^ 

Si 

Hi 

“II 

sH 

aeasagKK 

liiilililllili 

E=ji.  -i  '  •  •  •  i 

HeSE!!  ri: 

SSiniH  B! 

1  ii  Ills  IP  ill  1 1  .-mill 

jj  |jj 

IDeeI 

ill 

[iiuiuijnjj 

jjiuujjj 

HUiELEa 

5S|  rra 

“■SiUln 

sms::: 

Mm 

!  Jiisala 

mass 

i 

il 

li 

iiiiilijf 

fflSSSS 

luumffii 

S3 

cm 

I 

M 

1 

iii 

esrgniSE 

Kn  !ui-»52  nK'jnr,. 

1  ||  ||  1 1  j]  |  j  [ jjjjj 

iiji 

j 

rWlimmimi 
. . . 

Riiii!ui"SIKi!i!!S 

sisiim 

in  uiimih« 

RS1BM 

rsi 

SKlSil 

r.;v 

as 

■8J 

niuinn 

■■mini 

sv 

i  «j  Im  j  i'll  iuii! 

■■■» 

II  u 

"  HJ 

iiiiitiii 

SW 

i 

i 

at 

1 

n 

im 

i 

b 

!» 

iiiii  Pit 

ZiiiHSf 

•  U«lll  (1  Ulllll 

•  uu  niltgi  1  Kldi 

tilt" 

1  II 1  Ml 

in  mu  icni 

fiiiuim; 

ii  rr 

11  Ui  ■  Ii  iBo  iiii  uiEnSli 

uinM 

ran  tfiuu 

ur 

m 

1  11  11 11  im  in  nun 

1  II 

mm  iff 

. . inn 

Huiiiiiniii 

i  i  hi  fini  run  inn 
i  niniminniiHii 

uni  iu 
mmm 

iHu 

mi 

E 

i 

Ei 

li| 

pEE 

UI 

m 

£ 

lap 

i 

UIEIKmiS 

iiiirniim 

mnuiiifl 

rur  im  11 1  run  till  Bm  jut  uu  1 
nil  mi  11 1  muim  m  j]  Util 

1  11  11  1  1  1  1  ui  iimi 

1  n  n 1 1  :  mm 

III 

ill  l 

1  min  1 

S^Biiiiiuimi 

1 1  uumifimiiiii 

mi  uu 

iu  mini 

If lllll III! 

s 

ill 

Mj 

limit 

im  iimi 

.  i. 

IM 

•  • 

fjiE 

aiHimn 

mm  iiiii 

1  it  11  1  1  1  r  iillii 

1  II 

1  IIII  II 

SMmuiiiihi 

1 1  miiiiMfiilidri 

mm 

Ufl  1111111 

hi  Hum  tun 

ilia 

MS 

iuiffli 

aHSffl 

iliiHiiiiii 

...: 

aui 

IniiiSi 

an 

uiniiiiiu 

mm  aui 

mi  ini  mi  mumi  m  mil  uu  i 

[intin  n  j  mm 

!  u 

1  Ilf  HI 

0.8 

:  aiimii!:---!!';’! 

lijllD 

"3  - 

HSilOHi 

HfHIiim 

SJSSKiSffll 

ISlili® 

smmm 

mms 

BS>S 

mm 

ia 

&H 

m 

m 

am  Hi 

«sa) 

MB 

SSait 

SiSSIOi 

SSfii, 

SSSVSi 

ISSS 

as^i 

as 

ii 

H 

ffl 

H 

sa 

as 

m 

!i::miH 

sHSHffl 

sa 

SSI 

sai 

iii@g 

SBfflB8!8iM 

g^ggeis 

1MISM 

ioeisniB;  iHDisii  joigKS  s 
BirsHi^snsysaOigMMM 

Hyiiiil 

Blihf 

IH^ 

i^RpI 

lit;  iiiii  HR 

otfisaes 

mmm 

Lfi  .  :::i 

IHOlpg 

iHHQi 

!@ii§j 

Si 

ill 

i@i 

WSS 

m 

m 

Si 

m 

ii® 

nu 

aiisl 

113  iii  UI 

ig®  giHi  ogiggi  WEBiB 

mm 

iiiiiiliiiiiiiiilii » 

■jsP-s 

i:: : kk 

::s::rS=£ 

EEk 

:kk  i»HSB 

mmm 

Sil 

mm 

II 

m 

1 

m 

I 

WM 

II 

im 

ill 

lUsi 

Hi 

1 

B 

i 

-h* 

s 

m 

I 

mm 

11 

1 

wm 

SSJKuliii 

issiii 

mmm 

ipm 

li  ii  ii  issffiiffl  i 

'Iii 

i  ii 

e 

:  iik: 

•■■■iiiiii'iO 

kkIIFH:  II: 

iKKKJKK:! 

^uhiigsnu’BSI 

|(E  I 

idJidi 

■sasif 

as 

MB 

SSi 

mug 

*=ri 

m 

ii 

SUSHI 

S  91  HIM 

Hi!!! 

:  :::i 

HWIMUtE 

mm 

m 

m 

Si 

i^l 

s 

HiH 

SI 

iiiSiiiLli 

HL“  Ltl  :i!!iii;iiii2iyiilIii!ilM 

f  ssi  iilliillffiliiil,  iii 

“tails 

: 

r: 

il 

III 

mm 

1 

a 

si 

mi 

mm 

a 

a 

B 

m 

mm 

iiS 

BBS 

mmm 

BBBPHA  ..i.  ’> 

m Bi3s«flp 

:  -  :: 

BHB 

■  li 

1 1  iiilMlIIuiiii  riii  i 

. . . . 

Ii 

sjjjlRjjjl 

!S5!iS 

IWDiiSi 

I 

I 

II 

ill 

III 

I 

i 

1 

II 

i 

III 

iiiii 

Misiiilnii 

Iii!  iiiii!  i  ii!!  I 

spi  ;i 

jy  jj 

turn  m  til 

suiu*iK  »: 

■■■MIIIII  11 

iiiiiiiiuiiumima 

Iju'SHl 

Hi 

Piis  iBsse 

iiS 

IjSj 

S3,s 

iiiii 

• 

:::: 

jUC 

FJlisiiPiiiili 

HI  K|1  Jj  Km  EiiiKIIKK ii^l  tigi |Kt  »}* 

iiti  i  'iii; 

1  j  •« 

«iiii  011  nr, 

tiininniie 

niriiiiiiifiiiiiiiiii! 

imimiiudiiiiKii 

IMI>  HU 
iiiii  run 
iiaiutu 

DU  IIIMtnf) 

tsst  ■  \i 

tiW 

B 

nni 

m 

UUiiH 

a 

It 

r:;1 

:rf 

SoB 

m 

i& 

iB  ' 

giiuu  u  iijj  liiiiiiiiiiiiiii  iliiiniLill 

itis  ilM  ;  an 

1  !  Ir 
1  i  ui 

mil  in  m 
■muni  hi. 
iimuiumi 

iii)  iimli 

III 

Hitt 

HID 

Bam 

pi 

i 

Hninin 

■PS 

inanuiiii 

11  iinu  nni  mil  irril  mil  iiiiiiiiii  ■iiiriiiniiuiiiiiriuiiiii 

1  nj]  niumin  1  nn  1  nug 

1  w 

umnjmii 

Minmiimimmii 

iiiiiiiiiiiiiiiiiitnii 

. mac 

IIIII lllll 

ini  iflfln 
mi  irmr 

ti 

r[i; 

m 

IB 

Kg 

h 

Muli 

'B 

iSiii 

liij.mil! 

1 1 11  imimi  111  if  i  ii  mn 
■  [HHim  n  11H  mil 

i  l  US 
1  II 

id  11  mini 
mu  nuui 

. mini 

minimum 

iiiiiiiiiiiiiiiiiiiriri 

iiiiiummimmii 

iittiniri 

Mil 

mi  mini 
im  iiiii  r 

“II"  IE! 

iim 

iiiii 

ffi 

iiiii 

Imn  il 

Filnniuj! 
imn  iHit 

sa 

HIU 

1 

BBIfl 

mi 

H  ulfl  [jlal  Iflij  iiiiitiii  i  tnii  ii 

1  mi  iiiliinr  1  11 11  111 

1 II  UIIIUII  1  III  1  1  III 

1  I  II 

1  1  II 

Ullljl  III  ill 

mil  inlin 

8  10  12  14  16  18  20  22  24  26  28  30  32  34  36  38 

Effective  Stress  Intensity  Range  -  AK,  KSI  "VTN. 


Figure  B-20  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity- 
Range  for  Surface-Crack  Specimens  in  Air 
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Figure  B-21  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity 
Range  for  Surface-Crack  Specimens  in  Salt  Water 
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Figure  B-22  Cyclic  Cracking  Rate  vs  Effective  Stress  Intensity 

Range  for  Surface-Crack  Specimens  in  Distilled  Water 


